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“OPTICAL TOPICS IN PART 
| CONNECTED WITH 
CHARLES PARSONS* 


By THe Richt Hon. Loro RAYLEIGH, F.R.S. 
The Parsons Family, and Parabolic Mirrors 


pARSONS belonged to a type peculiarly British. 
We have been called a nation cf amateurs, and 
dbably most Engiishmen when they repeat the 
rase do so not altogether without complacency. 
far as the saying has any definite meaning, I 
ink that Parsons’ character and methods of thought 
to exemplify it. This may seem to some a paradox, 
d no doubt the building of a twenty thousand 
owatt turbo-alternator, together with the accom- 
nying technique of drawing office, patent specifica- 
m, licences to outside manufacturers, and so on, 
ym very far from the 
iateur workshop and _ its 
nosphere. But these huge 
ichines, on, which- the in- 
strial prosperity of whole 
stricts may depend, had 
air prototypes in the con- 
vuctions of wire, paper, 
tdboard and sealing wax, 
ich could be seen on the 
mntelpiece of Parsons’ study 
Mayfair. What I want to 
avey is that though Parsons 
is thoroughly informed as 
the conventional pro- 
lures of engineering, he had 
superstitious reverence for 
am, and was if anything 
ved in favour of doing 
nmething different, if there 
ss even a possibility that it 
ght be an improvement. 
Parsons’ father, the third 
rl of Rosse (1800-67), was, 
@ ‘his son, a man of 
chanical genius, and it is 
matter of interest to trace 
3 relation between the 
seers of the two men. The portrait of the father, 
the rooms of the Royal Society, is strongly 
niniscent of the son as I knew him. The aspect is 
ld and beneficent: and in Charles Parsons’ case 
angers who, without knowing their man, presumed 
duly upon it, were apt to receive a rude awakening. 
Lord Rosse’s great telescope of 6-ft. aperture was 
iit with only amateur resources and the assistance 
estate carpenters and workmen from the local 
tic population taught by himself. The records of 
‘work in telescope construction were collected 
J reprinted by his son, and it is easy to see In 
s volume the hereditary source of Charles Parsons’ 
chanical genius. The spirit and mentality of the 
’s work are closely traceable in that of the father. 
rd Rosse’s great telescope was notable in the 
tory of astronomy for the discovery of the spiral 
ucture of the extra-galactic nebulxz ; and, as we 
1 now see, there were not a great many other 
yblems for which it would have been suitable. 
e great modern reflectors owe their usefulness to 
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their accurate driving clocks, and to the modern 
sensitive plate. In Lord Rosse’s day, these things 
were still in the womb of the future. I remember 
discussing his father’s work with Parsons, and he 
expressed the opinion that, given his financial 
resources, and given the contemporary state of 
development of the mechanical arts, it would scarcely 
have been possible for him to do more. He told me 
that the sum expended was of the order of £10,000. 
This, of course, brought no financial return, nor can 
it have been expected to do so, in spite of the fact 
that the elder Herschel had made a living by the sale 
of the reflecting telescopes which he constructed. 
Judged by the precedents of those days, and by the 
then value of money, £10,000 was no doubt a very 
large sum to spend on astronomical equipment, and 
possibly some contemporary critics may have thought 
that the discovery of the spiral structure of the 
nebulz was an inadequate return for it. If, however, 
we recall that this discovery was a fundamental one 
for the general structure of 
the universe which, broadly 
speaking, is believed to con- 
sist entirely of such nebulez 
to the number of perhaps 
101°, we may see things in a 
truer proportion. It may also 
be illuminating to think of the 
cost even of a minor warship 
of to-day, and to compare it 
with the cost of Lord Rosse’s 


telescope. 
Some have perhaps gained 
the impression that Lord 


Rosse’s interest was more in 
the construction of the tele- 
scope than in the use of it. 
It may be admitted that no 
one who had not been carried 
on by keen interest in the 
mechanical processes would 
have been able to get through 
such a task. On the other 
hand, it would be wrong to 
suppose that the possibilities 
of the completed instrument 
were not adequately made use 
of. Lord Rosse tells us that, 
for a period of seven years after the construction of 
the telescope, few. favourable opportunities of 
observing with it were lost. The conditions of use 
were very unlike those of a modern instrument ; for 
it was only maintained nt for use by periodically re- 
polishing the speculum metal mirror, which required 
a skill comparable with that of the original figuring. - 

It is not perhaps over-fanciful to suggest that 
Lord Rosse’s telescope bore the same kind of relation 
to the great telescopes of to-day that the three-decker 
of his day bore to the modern ocean steamship. In 
each case the machine was effective for its purpose 
and could do wonderful things in skilled hands. 
Ropes, chains, pulley blocks, carpentry and black- 
smith’s work took the place of precision engineering. 
Far inferior mechanical resources were available for 
the construction, and far more was demanded in the 
way of personal skill and muscular effort from the 
user. This is the rule of progress. No thoughtful 
person considers that the effort represented by the 
obsolete machines was wasted, for they were neces- 
sary steps on the road. The results obtained with 
them gave the needed stimulus for fresh efforts by a 


later generation, and brought into view the problems 
which remained to be faced. . : 

The modern telescopes of to-day are among the 
highest developments of precision engineering. In 
Lord Rosse’s day precision engineering as we know 
it scarcely existed ; indeed, the word itself was of 
comparatively recent origin, those of the craft still 
being often called millwrights. Lord Rosse belonged 
to the transitional period when modern precision 
engineering was in the process of birth, and among 
his friends were some of the main contributors to it ; 
for example, Charles Babbage (1790-1870), whose 
calculating machine, though never completed and 
representing much wasted intellectual effort, was the 
means of greatly raising the standards of precision in 
mechanical construction. : 

The records of Lord Rosse’s work on telescope 
construction, some of which were not very accessible, 
were collected and reprinted by his son towards the 
end of the latter’s life, and those who knew Charles 
Parsons can easily trace in the volume the hereditary 
sources of his mechanical genius. The same spirit 
and mentality pervades both. Neither of them. had 
much literary gift, and their titanic.achievements are 
described in a matter-of-fact style designed simply 
to tell what they have to tell without any desire to 
make a fine story of it. I recall many years ago that 
Charles Parsons, in giving me a copy of “The 
Evolution of the 
Alexander Richardson?, said, in‘a_half-apologetic 
way, ‘‘It is rather a florid sort of a thing’’. Looking 
at the book again, I do not think it is, in fact, open 
to this criticism. All that can fairly be said is that 
Parsons’ mechanical triumphs are described by 
Richardson in a style not quite so reserved as 
Parsons’ own. 

Charles Parsons can have had comparatively little 
opportunity of learning directly from his father, who 
died when he was only thirteen years of age. ~ The 
astronomical and mechanical traditions of the family 
were carried over the intervening period by Charles 
Parsons’ elder brother, the fourth Earl- of Rosse 
(1840-1908), who, though not perhaps -possessing 
quite the tenacity of purpose of his father or of his 
younger brother, had a considerable measure of the 
same kind of gifts. He was best known for his 
observations on the radiant heat of the moon. 

Lord Rosse’s great interest in the problems of 
optical construction was fully inherited by his 
younger son, Charles Algernon Parsons. The most 
practical fruit of these researches was in the manu- 
facture of searchlight mirrors. He developed a 
method of-making these which, from the scientific 
point of view, was an interesting new departure and 
which moreover proved a commercial success, though 
it has been overshadowed by his work in other fields. 

The idea of using the electric are for a searchlight 
goes back to days before the development of the 
dynamo machine, when a large number of Grove 
cells was the source of current ; and there are indica- 
tions in the literature that inventors were at work 
from that time on. The concave mirror necessary for 
throwing out a parallel beam may be made of metal 
or of glass. Metal was used in some early projectors 
by Siemens, and it was readily shaped into a deep 
parabolic form by spinning or otherwise. The surface 
was gilded. Metal searchlight mirrors, though occasion- 
ally revived, are now almost obsolete, at any rate in 
Great Britain, owing to the inferiority of reflecting 
power, and the difficulty of maintaining it good under 
service conditions. In this respect, silver under glass 


limited use for searchlight work. To get bright 


Parsons Steam. Turbine’, by’ 
-attempt to take up a cone of, say, 60° by exte 


‘tool, is reluctant to abandon the spherical fe 


is far superior, but to make a deep mirror of |jss 
and of accurate parabolic form at a reasonable |p: 
was a matter of no small difficulty. }. 
Convex and concave spherical mirrors of |B: 
silvered at the back were no novelty. They j| a 
used as ornaments from a very early time. Thujp 
Van Eyck’s portrait of Jan Arnolfini and his wi)hy, 
the National Gallery, painted in 1434, a cole 
mirror hanging from the wall reflects the conten|ps 
the room. Large mirrors of this kind became fasi|y 
able as ornamental furnishings towards the clo|p 
the eighteenth century. There is a fine exaife 
mounted as a convex mirror in the library oj 
Royal Institution. The diameter is 28 in., and |i 
‘silvered’ with amalgam on the concave side. || 
mirror can be seen in the well-known engraving 
group of leading scientific men of the day gath 
in the same room in the year 1807. 
Such mirrors were and are given their prelimi 
shape by gradually heating up the glass disk, | 
allowing it to sink by gravity into a concave m 
as soon as the glass becomes soft. They are _ 
annealed and after cooling are ground and polt 
with spherical tools, in the same way as lenses 
ground and polished. | 
_Such spherical mirrors are, however, of | 


it is necessary to. take up from the arc a cone of || 
having a large angle and make it parallel. I. 


a shallow spherical. mirror of given radius so th 
becomes deep, the additional light is not sent v 
we want it, but finds its way out laterally, : 
from the axis of the beam. This is the effect ¢ 
spherical aberration, and it soon sets a limit to} 
useful angle of the cone of rays which can be colledf, 
by a spherical mirror. On the other hand, 
optician, accustomed to produce accurate sphe# 
surfaces of glass by the well-tried and effective met|f 
of abrading them with circular strokes on a sphe¥ 


In 1874, Col. Mangin, of the French Engind§ 
devised an ingenious method of extending the use}, 
ness. of spherical surfaces. This amounts in effec] 
making the glass into a concave meniscus lens, \\) 
silvering the back surface. We may regard suc 1 
arrangement as a concave spherical mirror cov li 
with a concave meniscus lens. _Remembering 
the parabolic form is the ideal, it is evident that 
outer zones of a spherical mirror tend to convs} 


the rays too much compared with the inner zolf| 
The superposed zone of the concave lens tends} 
diverge the rays and with increasing effect in 
outer zones. By a suitable choice of curvatures t 
effects can be made very nearly to compensate 
another, provided that too deep a mirror is 
aimed at. In this way the spherical aberratio# 
corrected, while the constructional advantag 
spherical surfaces are retained. 4 

Such is the nature of Mangin’s invention, whic’ 
its day was extensively used, and especially in Fra 
from about 1882 until 1921. Parsons is said to 
regarded it with some favour, though I Sell 
remember to have heard him on the subject. TH] 
mirrors were, however, expensive to make, and | 
necessary thick edges made them heavy and lie 
to crack with the heat of the are. The principle) 
not admit of a very favourable ratio of aperture} 
focal length, and this ratio did not usually mi 
exceed unity. — 

So far, we have only considered spherical 


rrors, and previous to 1886 no other glass search- 
ht mirror had been made. The mechanical problem 
“making a parabolic searchlight mirror of deep 
rvature has of course little’ in common with the 
oblem of parabolizing a telescope mirror, which is 
such shallow curvature that the parabolic form 
a be derived from the spherical by local polishing 
wards the middle. 
Charles Parsons appears to have turned his atten- 
m. to searchlight mirrors so early as 1886, when he 
is with the firm of Clarke, Chapman, Parsons & 
. He was probably led to do so by the family 
idition of making reflecting telescopes, but it must 
“remembered that he was also concerned with the 
imufacture of electric lamps. He devised a method 
‘Making good parabolic mirrors of silvered glass at 
cost which was not too great. This method had 
any points of novelty and was kept a close secret 
t years, only a few trusted employees in the Heaton 
orks and a few personal friends of Charles Parsons 
ing privy to it. However, as in all such cases, it 
iked out in the end, and after the War of 1914-18, 
yen the demand for searchlight mirrors had for the 
ne fallen to a very low ebb, it had become widely 
town, and Parsons told me that he no longer 
zyarded it as a secret. 
This method so far resembled the old traditional 
sthod of making convex and concaye spherical 
irrors already mentioned, that the flat glass was 
nt into a curved form by moulding from a flat 
sk at the lowest temperature which will make it 
astic. I am inclined to think from the way Parsons 
oke to me that he had re-invented this process 
d did not realize, any more than I did myself, that 
its cruder form it was an old one. There is not 
uch, if anything, to be found about it in print, 
jher in its old or its newer form. Parsons’ improve- 
ants consisted in using a disk of plate glass, already 
ound and polished to flat surfaces, and pressing 
between cast iron moulds or formers, accurately 
rned to a paraboloidal surface. In a later improve- 
ant the concave former was alone used, and the 
ftened glass was brought into close contact by 
plying a vacuum through a small hole in the metal. 
ter annealing in a gas-heated oven, the surface was 
e-ground and polished a second time. Since the 
rface was now paraboloidal, this could only be done 
spherical grinding and polishing tools of small 
e. These tools could only be an approximate fit 
- the local curvature of the paraboloid, but the 
lisher, being of felt, had some power of adaptation 
the surface on which it rested. 
A process of this kind could not, of course, produce 
absolutely certain result, and.each finished mirror 
s tested optically with the help of a collimating 
s, by determining the focal length of each separate 
1e, screened off from the remainder. This resulted 
a certain percentage of rejections. 
One of these mirrors in a wooden frame, which 
merly hung on the staircase of Parsons’ country 
use, Ray, near Kirkwhelpington, Northumberland, 
now in my possession. It is of plate glass, } in. 
ck. The diameter is 24 in. and the focal length 
Lin. The depth of the concavity is more than 3 in. 
Much larger mirrors than this one were made, up 
7 ft. in diameter. Even the 2-ft. mirror, taken 
; into the sunlight and used as a burning glass, 
l readily set a large log of green wood on fire. 
About the same time that Parsons developed his 
thod of making parabolic mirrors, the firm of 
wuckert in Germany was attacking the same 


- 
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PARSONS’ 2-FT, PARABOLOIDAL MIRROR USED AS A BURNING 
GLASS. 


problem in a different, but in some respects a more 
obvious, way. They, too, probably moulded the 
glass approximately to the desired shape. Their 
subsequent process amounted in effect to turning the 
glass on a vertical lathe, the lathe tool being a small 
rotatory grinder, and the motion transverse to the 
lathe axis being guided by mechanism which caused 
the small rotatory grinder to follow the desired 
parabolic path. There is little or no information 
available in Great Britain beyond the meagre accounts 
given in patent, specifications, and only those with 
practical experience of both could fully decide the 
relative merits of this process and the process of 
Parsons. The criterion of cheapness in the finished ~ 
product was very much in favour of the latter, and 
if I judge rightly it will probably appeal to most 
engineers as the more mechanical method of the two. 
In either way the parabolic form is attained by turning 
on a lathe, guided by suitable mechanism, but 
while Parsons did this operation once for all on 
the metal former, Schuckert did it on the glass for 
each individual mirror. So far as the results go, it 
appears that the necessary accuracy of figure can be 
attained by either method. This accuracy is, of 


-course, of an altogether lower order than is necessary 


for telescope mirrors, where the figure must not 
depart from the paraboloid by more than a fraction 
of a wave-length at any place. 

The Mangin mirrors, which were necessarily thick 
at the edges, were probably made by grinding out 
the concavity, but they were very expensive. 

To make a thin paraboloidal mirror of deep curva- 
ture out-of a solid disk by grinding the material away 
would be a barbarous proceeding ; like whittling 
away a large tree trunk in order to make the shaft of 
a ‘spear, as the Australian aborigines are said to 
have done. Owing to the depth of curvature, the 
difference between the spherical and the parabolic 
form is too great to be attained by the tentative 
methods used for parabolizing reflecting telescopes. 
If glass is to be used at all in place of metal, we are 
practically limited to moulding it while soft, as 
Parsons did. It is not, perhaps, certain that he was 
the first to produce an approximate parabolic form 
in this way. What he certainly did do was to carry 
out this moulding process with the greatest possible 
accuracy, and to use the parabolic form thus produced 
to guide the subsequent operation of fine grinding 


and polishing. This feature appears to have been 
entirely new. It was not patented, and he kept it 
secret as long as he could, probably judging that a 
more effective protection would be obtained in this 
way™*. 

During the later years of his life, Parsons became 
keenly interested in the production of large glass 
disks for reflecting and refracting telescopes. In the 
ease of reflectors, he had a. number of original ideas, 
and his mind was full of the subject right up to the 
day of his death. 

As it seemed to me, he regarded Heaton Works, 
of which he was practically the sole owner, partly 
indeed as a money-making concern, but also largely 
as a source of personal pleasure, and a place where 
interesting and amusing large-scale experiments could 
be tried. .The attitude was rather that of progressive 
landowners like Coke of Norfolk early in the nine- 
teenth century towards their estates and farms. 
Parsons’ successors, who had to consider their share- 
holders, could not carry on in this spirit and had to 
abandon experimental projects which were liable to 
fail, and which in any event did not hold out the hope 
of large profits. The result was that this epoch of 
bold experiments in the field of telescope-making at 
Heaton ended with Parsons’ death, many projects of 
some promise having to be abandoned. One or two of 
them may be mentioned. Thus, in the case of 
reflecting telescopes, the problem was to make disks 
large enough for the projected 74-in. mirror for the 
University of Toronto and the 200-in. mirror for the 
Carnegie Institution. No definite orders had been 
received for these, but the chance of receiving the 
order naturally depended on the proof of ability to 
carry it out. 

The largest glass mirror then existing was the 
100-in. of the Mt. Wilson Observatory, which is 
13 in. thick and was made from a disk supplied by 
the St. Gobain Plate Glass Company. This had only 
been produced with difficulty, and Parsons looked 
- round for some easier method than that of casting 
the mirror at one operation. He reflected that there 
would be no difficulty in cutting disks of this diameter 
and of moderate thickness from commercial plate 
glass. Could not a number of such disks, carefully 
cleaned and placed in a pile, be fused together at a 
moderate heat ? We may recognize here a certain 
kinship to the general line of thought which had led 
to his method of making parabolic mirrors, again by 
the use of moderate heat. A number of trials were 
made on a comparatively small scale, and some of 
them were successful. Thus, for example, four 
circles of ?-in. plate glass, 17 in. in diameter, were 
united into a single disk 3 in. thick, by heating 
to 650° C. 


These experiments suggested another idea. A’ 


cellular glass disk is, of course, much lighter than a 
solid one, and is not necessarily much less rigid. The 
fusion method seemed to lend itself to this, and was 
tried with some success. In one experiment two 
circles of 3-in plate glass 12 in. in diameter, separated 
by a layer 1? in. thick of granulated glass, were 


* In a pamphlet entitled “The Theory of Searchlights’’ (anonymous) 
published by H.M. Stationery Office on behalf of the War Office in 
1935, it is stated that 


“The first practical reflectors of paraboloid shape were made by 
Messrs. Chance who pressed the glass into shape without grinding the 
surface. These were inferior to the Mangin type.” 


This, if correct, would be the. nearest approach to an anticipation 
of Parsons’ invention. I communicated with Messrs. Chance, but their 
director of research, Dr. W. M. Hampton, who kindly looked into 
the matter, was unable to find any evidence that they had made 
parabolic mirrors in this way previous to 1935. 


Th! 
| 
1 


heated to 650° as before. The whole became w pd 
into a coherent disk, which behaved |satisfact|)y, 
Larger experiments of the same kind were 4 


y 


but without full success. It is not clear, ho i oR 
that the limitations of the method (if any) | ise 
established. | 
In spite of these fairly encouraging results, Pa! is) 
seems ultimately to have preferred a rather di | Y 
method. In one experiment he used three dis) 


Nia 
optical flint glass 94 in. in diameter by 1 in. thick h a 
adjoining faces having been previously ground) it 
and polished. This assembly was raised to fie © 
temperature and flowed out into a disk about 1] bi : 
in diameter and 2 in. thick. This appeared to ‘Woe’ 
all intents and purposes a solid disk. It seems }j 
this experiment gave a satisfaction and confic}} 
that the other experiments had not given. Iti 
Parsons’ intention to make the 76-in. disk fox lig i 
Toronto reflector by this method, but owing ti} 
death and its financial repercussions the work 
not carried out, and the ‘Toronto mirror | 
ultimately made of Pyrex glass by the Corfe 
Glass Co. of New York. It was, however, srouatll i 
polished at Heaton. the 


| 


Newton and the Dark Lines of 
the Solar Spectrum 


bine) 


I have tried to recall, as was fitting, ocal 4 
the history and spirit of one part at least of Chi} ‘s 
Parsons’ activities*. I turn now to another op 
topic which has no direct connexion with him, 
which is scientific rather than practical. If he jf 
still with us it would without doubt have foun 
him a sympathetic listener. | 

Telescopes and spectroscopes, as we ordin 
know them, depend upon the use of lenses, an i ee 

| 


be 
“i 
dnd 
ual 


the subject is usually expounded, it might seem ||P" 
lenses were of the essence of these instruments. ||P! 
thesis will be that it is not so, and that a teles} 
or spectroscope of fair performance can be | 
without the use of lenses. The foundation is in ¥ 
done by my father before I was born. I hope tl 
able to add a few points to it. | 
In preparing an address for the recent Ne 

Tercentenary, the question presented itself: V | 
minimum conditions are necessary for observatic 
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et 
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nile 
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the Fraunhofer lines in the solar spectrum, and 
was it that Newton when he examined the si" 
spectrum in 1672 onwards failed to observe thd” 
It may seem that this should be a fairly six} 
question. Several eminent authorities have gif 
their opinion upon it, but, as will be shown, fH 
have not given a correct answer. This will leac{} 
to the question of how far lenses are essential inf® 
telescope or the spectroscope. It will be shown if" 
a telescope can be constructed without lenses {ff 
mirrors) which is fairly adequate for examining |) 
degree of ‘solar activity’ as measured by the size |fP' 
number of sunspots. It will be shown further tha 
suitably designed spectroscope with a single pelt’ 
of ordinary flint glass and without lenses will sift’ 
the Fraunhofer lines in the solar spectrum. Nature|f' 
in discussing so well worn a theme as the cin 
spectroscope, one can only hope to say anything 
novelty on a few points. On the other hand, i : 
subject is not so specialized as to be overgrown | 
| 


\ 
\ 

refinements which appeal only to the few. it 
4] 

*T gave my personal recollections of him in a pa er whic: 1k. 
printed as an introduction to “Scientific Papers apd Rudreceant . 


Hon. Sir Charles A. Parsons’, edited b 
(Gaubiiee toe) ite y the Hon. G. L. Pa 
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The first experiments on the spectrum which 
ewton described in the Philosophical Transactions 
| 1672 and afterwards in his ‘‘Optics’’ were made by 
sing a beam of sunlight which came from a 
nall hole in the shutter through a prism placed 
ose to the hole, the spectrum being received on the 
posite wall. He regarded this arrangement as pro- 
ucing a series of images—what are now called 
inhole’ images—of the sun in the various colours, 
ough he did not himself use this expression, and 
deed the hole he used was one third of an inch in 
ameter. Subsequent writers of high authority, 
eluding Brewster, Helmholtz and Michelson, have 
aplied with varying degrees of definiteness that 
ewton made no subsequent improvement on this 
rangement, and one can only assume that they had 
yt their information from second-hand accounts 
ithout studying the original. 

Brewster, for example, says?: ‘(Had Newton re- 
ived upon his prism a beam of light transmitted 
rough a very narrow aperture [instead of a round 
le] he would have anticipated Wollaston and 
raunhofer in their fine discovery of the’ lines of the 
‘ismatic spectrum. In 1802, Dr. Wollaston, by 
ansmitting the light of the sky through an aperture 
1e-twentieth of an inch in width, discovered six 
xed dark lines in the spectrum, one in the red, one 
_the orange, one in the blue and one in the violet’’. 
Wollaston, however, did not project the spectrum, 
it observed it subjectively’ by holding the prism 
| his eye. 

Helmholtz! says that Newton did not use the 
ethods which are necessary to obtain a complete 
paration of the various rays, and therefore he too 
d not see the Fraunhofer lines in the sunlight. 
ichelson® also implies that Newton did not use the 
t and the focusing lens. 

All these distinguished authors, however, are mis- 
ken upon the point. Newton says®: ‘In the sun’s 
tht, let into my darkened chamber through a small 
und hole in my Window-shut, by which the image 
‘the hole might be distinctly cast upon a sheet of 
aite paper. . On p. 49: “‘Yet instead of the 
rcular hole F# it is better to substitute a long 
rallelogram with its length parallel to the prism 
BC. For if this hole be an inch or two long, and 


it a tenth or twentieth part of an inch broad or 


rrower: the Light of the image will be as simple 
before or simpler, and the image will become 
uch broader” [that is, the spectrum lines will be 
ager’. 
Another explanation is given by Kayser’. He says 
at a spectrum 25 cm. long, with a slit width of 
mm. as used by Newton, should easily show the 
‘aunhofer lines, and he puts down Newton’s failure 
observe them to the fact, incidentally mentioned 
r Newton himself, that his prisms were of bad 
ality glass. A prism said, apparently on good 
ounds, to be one of his still survives in the British 
useum, Department of British and Medieval 
itiquities*, and it would be of interest to try it, 
it it is not accessible at present. 
In any event, we cannot fully explain the difficulty 
this way. Newton describes how he made up a 
llow prism with flat polished surfaces (mirror 
uss) and filled it sometimes with water, sometimes 
th an aqueous solution of “Saccharum saturnii” 
‘See Rey. H. T. Inman, ‘‘Sir Isaac Newton and one of his Prisms’. 
vately printed (Oxford, 1927). I have not been able to consult this 
yk and should be grateful to anyone who could give me the oppor- 


ity. It does not seem to be in any of the chief libraries. See also 
tish Museum Quarterly, 2, 53 (1927-28). 


(lead acetate) to increase the refraction, or rather as 
we should say, the dispersion. I have personally been 
able to see the Fraunhofer lines without difficulty 
and at the first trial, using a water prism of 60° angle 
and ordinary size. The spectrum was projected upon 
a screen by a lens of about 10 ft. focus. All these 
explanations which have been given of why Newton 
failed to see them, fall to the ground, because without 
using means superior, or even equal to his, a modern 
observer can readily see them. 

In trying to understand how this happened, we 
must remember that the advantage of knowing what 
to look for is not easily over-estimated. Seeing that 
the phenomenon itself observed in this way is not 
very spectacular, the explanation seems adequate. 
It is not intended to depreciate Newton’s great’ 
experimental skill, which, if I may venture an 
opinion, was equal to that of any man of whom we 
have knowledge. It is perhaps conceivable, after all, 
that he did see the lines, but that not having any 
reason to suspect the great importance of the matter, 
did not feel moved to probe it further, and passed it 
over in his written accounts. 


The Telescope and the Spectroscope without 
Lenses 


The view sometimes expressed that Newton failed 
to see the dark lines of the spectrum because he did 
not use a lens to form an image of his aperture is 
erroneous, because, as we have seen, he did use a lens. 
Nevertheless, the interesting question is raised of 
how good an image can be obtained without a lens. 
We need not introduce the question of prismatic 
dispersion at this stage. Everyone knows that you 
can get an image with a pinhole, but (it is usually 
supposed) not a very good one. My father discussed 
the question of how good an image could in fact be 
got. We are between Scylla and Charybdis in this 
matter. If we make the pinhole too large, we may in 
imagination divide it up into several apertures in 
different positions. Each of these gives an image in a 
different position, and the. superposition of these 
produces confusion. If we make the pinhole too small, 
then the image of any one point on the object is 
widened by diffraction, and overlaps the images of 
other points, so that again we have confusion. 
Evidently there must be an optimum size for the 
pinhole. What is that size ? 

In order to see this, it is a good plan to go back to 
the consideration of a lens, focusing a small source on 
a screen. What the lens does is to make the optical 
length from the source to the image the same for 
every path. The geometrical distance is no longer 
for a marginal ray than for a central ray, for the 
former path is bent and the latter straight, but the 
retardation of the light by glass makes up for this, 
and when the lens is in position, the effective distance 
(optical length) is the same for both, and the light 
arrives at the focus in the same phase from every part 
of the aperture. That is the essential function of a 
focusing lens, and it is only in so far as it does this 
that the lens is effective. 

Now clearly if the aperture is small enough, the 
light will arrive in the same phase at every part of 
the aperture even without a lens. The question is, 
How big can we make it without introducing an 
important difference of phase ? 

“Important” is, of course, a vague phrase. There 
can be no doubt that complete opposition of phase 
would be important, and certainly we shall harm the 
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definition if we introduce so large a difference of phase 
as this. On the other hand, we must not be too par- 
ticular for the reasons already explained. We must 
allow a fraction, but only a fraction, of a period, and 
the fraction + complies with this, and is justified by 
a closer consideration of the subject than can be 
attempted here. : 

If we want good resolving power, we must have 
large aperture, for the definition depends wholly on 
the aperture. The admissible size of aperture. is 
determined by the consideration that the marginal 
ray is not to differ in phase from the central ray by 
more than a quarter of a period. This consideration 
alone does not fix the size of aperture, for supposing 
that we have set up the apparatus and find that the 
difference of phase is more than the specified amount 
of a quarter period, we can diminish it either by 
reducing the aperture, or alternatively by going 
farther off. If we go infinitely far away, no aperture of 
finite size is too great, so that in principle we could 
make as large a telescope as we like without an objec- 
tive lens. However, if we attempt more than a very 
modest aperture, we shall find the necessary distance 
impracticable, for it increases as the square of the 
linear aperture. In my case, the distance available 
if the light was admitted at one end of the room was 
19-6 metres ; taking Aas 5 x 10->cm. the admissible 
aperture 4/2 f A is 0:44 cm. 

Aniris diaphragm was placed in the window shutter, 
and could be adjusted to this aperture. The sun’s 
light was reflected into the aperture and the image 
found of it was received on a sheet of paper 19-6 
metres distant. When there were spots on the sun, 
they could usually be well seen on the paper. It 


PINHOLE PHOTOGRAPH OF THE SUN SHOWING A SUNSPOT. 


rarely. But ordinary small spots invisible to 
scrutiny, either with or without a dark glass, 
readily be seen with the pinhole camera descr} 
With the camera no dark glass is required*. 
It may be objected that the 0:44 cm. as calcul 
is not much more than the aperture of the eye. 
is no doubt true when the eye is dark adapted, 
the iris fully open. But in these circumstances 
eye by no means gives as good definition as the ¢ 
ture would admit of. For the detection of suns 
at least, the pinhole camera is far superior ta 
unassisted eye. By going fairly close to the im 
we can easily see it under a visual angle of, say 
or 30°, whereas the sun viewed directly subt 
only 4°, so that the magnifying power may 
40-60 diameters ; but, owing to the small aper' 
this arrangement must not be expected to show 
detail usually associated with that magnifica, 
Magnification is, of course, no real criterion of wk 
telescope can do, which depends on resolving pc} 
So much for the telescope without lenses. | 
Now for the spectroscope without lenses. In) 
case, the prism is put about half-way between 
slit and the screen or photographic plate, and 


is true that naked-eye sunspots do occur, na 


both these distances had to be accommodated wi 
the roomf they were necessarily shorter than beiff 
A single flint glass prism of 60° angle was used, 


it was necessary to restrict its horizontal ape 1 
to get a definite image of a spectrum line. O | 
other hand, there is no point in restricting the ver 
aperture. The breadth of the horizontal apertu 
determined on the same principle as the dia 4} 
of the simple image-giving hole which we have alre| 
considered. The distance of slit to prism was 8-5 
and from prism to plate 9-10 m. If the allows 


(yellow lines of mercury), we get for the admis# 
horizontal aperture 0-226 cm. The prism was pu 
and the aperture adjusted to give the best separat 
of the two yellow lines from a mercury vapour la 
0-21 cm. was too narrow, 0:27 cm. was too br 
0-23 was judged best. Thus the expected resu. 
closely confirmed. 

_The resolving power of a prismatic instrumer 
governed, according to the principles given by) 


b. Even a pinhole camera of half this length, with the apd 
appropriately reduced, will show the spots fairly well, and allow 
whole of the sun’s disk to be photographed on a quarter-plate. 


+ I did not introduce the complication of usi irl 
increase the distance, us nee 2a i 
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mercury would lead us to expect 
that the Fraunhofer lines could 
be observed with this instrument. 
In fact, they can readily be 
photographed as far as the C line 
at 6563 in the red. The lines 
are, however, somewhat faint and 
diffuse owing to the low resolving 
power not being very adequate 
in the visual spectrum. They are 
not easily seen on the white 
screen, owing partly to this but 


oOo wr 
- D 
Vo Sud 
Vo te) 


MERCURY SPECTRUM PHOTOGRAPHED WITHOUT A LENS. SUBORDINATE MAXIMA ARE more to the inadequate bright- 
SHOWN IN THE LOWER SPECTROGRAM, WHICH RECEIVED 4 LONGER EXPOSURE. ness, with the light from the 


her®, by the effective thickness of the base of the 
ism, which is supposed to be utilized up to the 
racting edge. If f is this thickness, the resolving 
wer A/d is given by : : 


Qo 

ar. aN 
ere u. is the refractive index. The value of du./da 
ty be taken as about 1,000 cm.-! In one case with 
rizontal aperture 0:23 cm., it is about 0-4 cm., 
ich gives 4/4, = 400 as the theoretical resolving 
wer, while for the mercury yellows A/dA = 275. The 
olving power should therefore be very adequate 
separate them, as experiments confirm. 
Io get much greater resolving power with a single 
sm and without a lens would require almost 
manageable distances. Thus it can be calculated 
it to resolve the D lines would require that the 
tances from slit to prism and from prism to screen 
yuld each be about 56 m. If three prisms had been 


original rather short slit greatly 
spread out both vertically and horizontally. The 
lines can be seen better if the distances from the 
prism are reduced, say, to about 200 em. each, and 
the prism aperture readjusted to be somewhat 
narrower. We can then easily see the green line b 
(magnesium triplet) at 5178, and also F at wave- 
length 4861 in the blue-green. But the most striking 
demonstration experiment is to receive the extreme 
violet on a fluorescent screen as used for X-rays, 
when the calcium lines H and K at wave-lengths 
3968 and 3934 are very conspicuous, and could not 
possibly escape notice. These lines are broader than 
the more visual lines, and at this part of the spectrum 
the specific dispersion of the glass, and consequently 
the resolving power of the instrument, are much 
greater. The instrument is, of course, astigmatic, 
and the aspect of the spectrum, apart from its 
brightness, is in no way altered if a small round hole 
is Substituted for the first slit. 
The photographs of the Fraunhofer spectrum 


K H F 
SOLAR SPECTRUM, SHOWING FRAUNHOFER LINES, OBTAINED WITHOUT LENSES. THE UPPER SPECTRUM WAS GIVEN A LONGER EXPOSURE 
TO BRING OUT THE ULTRA-VIOLET. 


id instead of one, then the D lines could have been 
olved without greater distances than these used 
my experiments. 

In ordinary spectrograms the subordinate maxima 
sdering on either side the principal maximum of 
th line are very inconspicuous. In the present case 
"y are much more obvious, owing to the small 
yadth of the aperture in comparison with the length 
‘the beam. A longer photographic exposure is, 
wever, desirable to bring them out clearly. The 
sordinate maxima are most conspicuous round the 
yen mercury line, which is brighter than the yellow ; 
rreover, the patterns due to the latter partially 
xlap. This photograph will make it clear to the 
> why linear dispersion is not by itself a measure of 
olving power. If we reduce the second aperture the 
fraction pattern dilates and the resolving power 
diminished, while the dispersion is, of course, 
affected. 

The above tests made on the emission spectrum of 


Me » 
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reproduced were on an ordinary (not colour- 
sensitive) plate. The ultra-violet part is shown 
separately because it is best brought out by a longer 
exposure, which fogs out the visual spectrum. The 
distance from the first aperture to the prism was 855 
em. as before, but the distance from the prism to the 
plate was reduced to.152 cm. to get the desired range 
of spectrum on to the plate. The second aperture 
was reduced to suit this diminished distance, but as 
will be seen, the resolving power remains adequate. 


1 Rosse, William Parsons, 3rd Earl of, “Scientific Papers’? (London, 
1926). : 

2 Richardson, Alexander, ‘‘Hvolution of the Parsons Steam Turbine” 
(London, 1911). 

3 Brewster, Sir David, ‘Life of Newton” (1855), 117. 

4 Helmholtz, H. von, Pogg Ann., 87, 45-56 (1852). 

5 Michelson, A. A., NATURE, 88, 377 (1912). 

6 Newton, Sir Isaac, ‘““Opticks’’ (London, Ist ed., 1704), 47. 

7 Kayser, H., ‘““Handbuch der Spectroscopie’’ (Leipzig, 1900), 1, 4-5, 

8 Rayleigh, John William Strutt, 3rd Baron, “Scientific Papers’ 
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THE SPINNING AND FLOATING OF LIGHT 

BODIE SEIN ANGE EE@LRIC PIEE Ds; DEVELOP: 

MENT OF AN EXPERIMENT OF SIR ISAAC 
NEWTON 


By Lorp RAYLEIGH, F(R.S. 


MS. received 26 October 1943; demontrated 17 December 1943 


HILE preparing an address on ‘‘ Newton as an Experimenter”’ for the 

recent tercentenary celebration, * a paper by him in an early volume 

of the Philosophical Transactions was consulted. This is apparently the 

very earliest communication received by the Royal Society on any electrical 

subject, and would not seem at first sight a likely source of inspiration for anything 

- of novelty today. However, an effect is there described which was new to me. 
and seemed to call for further investigation. 


From the Minutes of the Royal Society. 9 December 1675. 


That [Newton] having laid upon a table a round piece of glass about two inches 
broad, in a brass ring, so that the glass might be about one-third of an inch from 
the table, and the air between them inclosed upon all sides after the manner as if 
he had whelved a little sieve upon the table : and then rubbing the glass briskly, 
till some little fragments of paper, laid on the table under the glass, began to be 
attracted and move nimbly to and fro ; after he had done rubbing the glass, the 
papers would continue a pretty while in various motions ; sometimes leaping up 
to the glass and resting there awhile ; then leaping down and resting there, and 
then leaping up and down again ; and this sometimes in lines perpendicular to 
the table sometimes in oblique ones ; sometimes also leaping up in one arch and 
down in another divers times together, without sensible resting between ; some- 
times skip in a bow from one part of the glass to another, without touching the 
table ; and sometimes hang by a corner and turn often about very nimbly, as if 
they had been carried about in the midst of a whirlwind ; and he otherwise variously 
moved every paper with a diverse motion. And upon sliding his finger on the upper 
side of the glass, though neither the glass nor inclosed air below were moved thereby, 
yet would the papers, as they hung under the glass receive some new motion 
inclining this or that way, according as he moved his finger. 

The experiment he proposes to be varied with a larger glass placed farther 
from the table, and to make use of bits of leaf gold instead of papers, esteeming 
that this will succeed much better, so as perhaps to make the gold rise and fall 
in spiral lines or whirl for a time in the air, without touching the table or glass. 

Ordered that this experiment be tried the next meeting. 


® Proc. Roy. Soc. A, 181, 244-250 (1943). 
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74 Lord Rayleigh 


The earlier part of these observations are not altogether forgotten,* but 
I have not found anything further about the spinning effect described by Newton, 
either in Priestley’s History of Electricity (1767) or in more modern books. 
In arranging to repeat the experiments for the centenary celebration above 
mentioned, I noticed this spinning of some of the pith fragments, though this 
was an exceptional effect, only shown by a few of them, and not to be relied on 
or reproduced with certainty. It was attempted, therefore, to develop the 
experiment into a more definite and dependable form, if possible on a larger 
scale. 

In order to do this, electrified insulators as used by Newton were avoided, 
metal conductors at a definite potential being used instead. Further, the light 
body was made of aluminium foil instead of pith. With this material the shape 
could more easily be controlled and specified. 


Passing over some intermediate steps, I will describe the experiment in its 
final shape. 


A Whimshurst machine is used as the source of electrification. It is con- 
nected to a strip of brightly reflecting tinplate as the base, and to a copper 
hemisphere (from a ball cock) 13 cm. in diameter, which is supported on insulating 
pillars, 4 cm. minimum distance from the base plate. For easy commutation, 


lead weights are connected to the wires from the machine. One of these lies 
* When I was a small boy, Sir William Thomson, afterwards Lord Kelvin, came on a visit 
to my parents, possibly about the year 1886, and brought with him, as a present for my brother 


and myself, a fascinating toy embodying an elaborated form of this experiment. It consisted of a 


flat tray, measuring perhaps 12 x 12x14 inches, covered with tin foil, with a glazed top, probably 


flint glass. The tray contained jointed pith figures. ‘These danced vigorously when the glass 


was rubbed with a soft leather pad. On enquiri 
R quiring from Messrs. Hamley, I could 
any such toy had been on sale in recent years. A kee 
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inside the copper hemisphere, the other on the base plate. They can readily 
be exchanged. This is preferable to more elaborate commutators, which 
offered too many opportunities for loss by brush discharge and defective 
insulation. 

The spinning piece is of aluminium foil, 0 05 mm. in thickness. The shape 
and size are as shown in the inset, but it is to be understood that the lugs at 
A and B, as shown in the inset, are bent out of the plane of the paper, A being 
above the paper, B below. 

This piece lies on the base plate. When the machine is started, the upper 
electrode (hemisphere) being positive, the aluminium piece gets up on end, 
the bigger end, AB, above, and spins about the pointed end C. C rests on the 
base plate and acts at first as a pivot. 

The direction of rotation is that due to recoil from an electric wind blowing 
away from the points A and B. On working the machine faster so as to increase 
the potential to an equivalent spark gap of 5 mm. corresponding to, say, 
15,000 volts, the spinner rises away from the base plate, as may be readily verified 
by noticing that the bottom end C no longer coincides with its image seen by 
reflection in the bright tin plate, but is separated by a definite interval, which 
may even increase to several millimetres. The aluminium spinner is then 
touching nothing, and we have in this experiment one solution of the problem 
of ‘‘Mahomet’s coffin’’, i.e. the support of a solid body without contact with 
anything material except the air.* It fully realizes the possibility, tentatively 
mentioned in the above quotation from Newton, which, so far as appears, he 
did not definitely achieve himself. 

If the experiment is performed in the dark, luminous discharges may be 
seen at the top points AB and the bottom point C of the spinner. 

The hemispherical bowl as the upper electrode secures that the electric field 
should be stronger in the middle than further out, and prevents much lateral 
wandering of the spinner. 

The experiment does not work satisfactorily unless the upper electrode 
(copper hemisphere) is made positive and the base plate negative. ‘The Whims- 
hurst may start with either polarity, and it is necessary to verify it, for which a 
small vacuum discharge tube is convenient. With wrong polarity the aluminium 
spinner floats higher, but is much less stable, and does not spin with anything 
like the same definiteness. 

The pointed end of the spinner sometimes tends to stick to the base plate, 
rotating in contact with it. A tap on the base plate (with a wooden ruler, e.g.) 
will detach it and cause it to rise. It then continues to spin without touching 
the base plate. As a demonstration it can well be projected on the screen. 

* The well known experiment of supporting a light ball on a jet of air is, of course, a better 
solution. The aeroplane is another. 
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AN EMISSION BAND-SYSTEM OF PbSe 


By R. F. BARROW anp E. E. VAGO, 
Physical Chemistry Laboratory, Oxford 


MS. received 24 November 1943 


ABSTRACT. A band-system (D->x) assigned to PbSe has been excited by a heavy- 
current, uncondensed, positive-column discharge through the vapour of PbSe contained 
in a silica tube. About 40 bands in the region 3350-3850 a. have been photographed 
in the first order of a grating instrument with dispersion ~7:4 a./mm. The vibrational. 
analysis leads to the following expression for the wave-numbers of the band-heads : 


Vnead = 28416-9-+ (190-51’ —0-6w"2) —(277-4u’’ —0-56u’”2), 


where u=v+4. The identity of the value of w,” with that for the ground state of PbSe, 
obtained by Walker, Straley and Smith, 1938 (Phys. Rev. 53, 140) from analyses of 
absorption systems, shows that the lower state of the new transition is the ground state. 


§1. INTRODUCTION 


HE work described in this and in the following paper is part of a programme 

| which, it is hoped, will throw some light on the sequence and correlation 
of excited electronic levels in the oxides, sulphides, selenides and 
tellurides of tin and lead. For no molecule in this group are the existing data 
entirely satisfactory. Adequate vibrational analyses have been made of at least 
one strong band-system of each molecule, but the present schemes for weaker 
and sometimes overlapping systems are, in many cases, unconvincing. Earlier 
work on SnSe (Barrow and Vago, 1943) showed that study of the emission 
spectra might usefully supplement information obtained from absorption 


experiments. ‘The present paper describes a band-system of PbSe obtained 
in emission. 


§2. EXPERIMENTAL 


The source used was a heavy-current, uncondensed, positive-column 
discharge (~2000 v., ~2 a.) through the vapour of PbSe contained in a silica 
tube. The experimental arrangements have been described before (Barrow, 
1941). Photographs were taken in the first order Oe a 2-4-m. grating (dispersion 
~7-4a./mm.) on Ilford Ordinary plates. 

The principal feature in the spectrum is a system of about 40 red-degraded 
bands in the region 3350-3850a., shown in the accompanying plate. The 
wave-lengths of the band-heads were measured against Fe arc standards. 
(M.I.T., 1939): these are included in the Deslandres scheme, given in the table. 


The Temaiors of the band-heads are represented satisfactorily by the 
equation 


Myeaa = 28416-9 + (190-5u’ —0-6u'®) — (277-4u'' —0-56u'"?), 


where u=v+4. 


iv 


band-system of PbSe 
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Detailed interpretation of the rather complicated isotope effect for this 
molecule was not possible with the dispersion used, but the effect provides. 
qualitative confirmation of the assignments in so far as the sharpest heads are 
those nearest to the postulated system-origin. 


§ 3. CONCLUSION 


‘he spectrum of PbSe has also been studied in absorption by Walker, Straley 
and Smith (1938). [hese authors assigned some 180 bands to three systems 
(upper states a, B, C) lying to the red of the present system. Their expression 
for the ground-state vibrational terms based on the analysis of the three systems. 
is G(v'’) =277-78u"' —0-452u'’2. This is so close to the result given by the 
present analysis, i.e., G’"(v’’) =277-4u'’ —0-56u’”, that there can be little doubt 
that the lower state of the new transition is also the ground state. ‘The system 
is therefore designated (Dx). 
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THE ABSORPTION SPECTRUM OF SnTe 


By-R.. F. “BARROW ANDT ES Ee VAGO: 
Physical Chemistry Laboratory, Oxford 


MS. received 24 November 1943 


ABSTRACT. The absorption of SnTe vapour in the visible region of the spectrum 
has been studied in the temperature range 800-1400° c. in evacuated silica tubes. 
About 140 bands have been measured on plates taken in the first order of a 2:4-m. grating 
(dispersion ~7-4a./mm.). These have been assigned to four systems, one of which 
(Dx, Vvg~25450 cm.) has already been observed in emission by Barrow, 1940 (Proc. 
Phys. Soc. 52, 380). The data for this molecule are summarized below : 


State V, W, LO s 
E ~27500 _ = 
D 25444-3 179-1 0-40 
c 21418°6 218°1 0-98 
B 20394-9 239°3 1-53* 
A 16844-0 178-5 0-44 
aK 0 259°5 0-50 


* VeWe= —0-013. 


§1. INTRODUCTION 
NE fairly well developed system of bands assigned to SnTe appears in 
emission in positive-column discharges through the mixed vapours of 
Sn and Te (Barrow, 1940). By analogy with the similar molecules 
SnSe (Walker, Straley and Smith, 1938; Barrow and Vago, 1943) and PbSe 


PHYS. SOC. VOL. 56, PT. 2 (R. F. BARROW 


O- +e ch OC © 


AND E. E. VAGO) 


To face nage 78 


(2-4-m. grating, first order), 


in emission 


bSe 


Bands of the D—>x system of P 


PHYS. SOC. VOL. 56, PT. 2 (R. F. BARROW AND E. E VAGO) 


System 


Systems 


System 


rx 


BRS >.6 


The absorption spectrum of SnTe 79 


(Barrow and Vago, 1944), other systems of SnTe lying to the red of the emission 
system were expected to appear in absorption. Bands belonging to three such 
absorption systems have now been photographed and analysed, and new data 
have been obtained on the system which also appears in emission. 


§2. EXPERIMENTAL 


The experimental arrangements were simple. SnTe was prepared by heating 
together rather less than the stoicheiometric proportion of Te with Sn. 
5 to 10-g. charges of the powdered material were placed in a silica boat inside a 
vitreosil combustion tube (length 55 cm., internal diameter 3 cm.), wound over 
the central third of its length with “Red Fox 135” resistance wire and lagged 
with fireclay and asbestos. Water-cooled glass adaptors carrying quartz windows 
were waxed on to each end of the tube; to one of these was sealed a tap leading 
to a pump used for preliminary evacuation. The source of continuum was a 
500-w. tungsten-filament projection lamp. Spectrograms were taken in the 
first order of a 2-4-m. grating (dispersion ~7-4 a./mm.) on Ilford Ordinary and 
Special Rapid Panchromatic plates. Exposure times were 1-30 minutes. 
Absolute intensities among the systems seemed to decrease steadily in the 
direction of decreasing electronic energy, so that satisfactory contrast on the 
heads of the system of longest wave-length (a<-x) was only obtained at the 
higher pressures where the absorption at shorter wave-lengths due to the other 
three systems appeared to be continuous. Reproductions of the spectrograms 
are given in the accompanying plate, and the band-head data are summarized 
in the Deslandres scheme set out in tables 1-4. 


SSaRESUL TS 
System A<-X 

About 35 bands in the range 5300-6400 a. were assigned to this system. 
The vibrational analysis (table 1), which presented no difficulties, is qualitatively 
confirmed by the isotope effect, discussed in detail in another paper (Barrow, 


1940). 


Systems B<-X, C<-X 

Some 40 bands in the region 4475-5300 a. and 20 bands between 4300 and 4800a. 
were assigned to systems B<-x and C<-x respectively. The clue to the analyses 
of these overlapping systems (tables 2 and 3) was provided by the vibrational 
isotope effect. It was not possible with the dispersion used to recognize band- 
heads of individual isotopic species, but qualitatively the two regions of maximum 
sharpness of band-heads at about 4900 a. and 4675 a. (see plate) were of con- 
siderable value—not only in confirming the opinion that the bands in this region 
belong to two systems, but also in locating roughly the positions of the two 
system-origins. The system B<x is well developed, but for c<x the weaker 
bands with v’’>2 are not observed, doubtless because they are to be expected 
n a region covered by the strong absorption of the B<-x system. 


System D=X 
In the first account of this system of SnTe as obtained in emission 
(Barrow, 1940), it was designated A>X. The new lettering has been adopted to 
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Table 1. SnTe system a<x: Band-head data 


12 18621-1 
5368-77 ee 
oan Italic numerals denote wave-lengths in air (1.A.) ; 
i Large Roman, wave-numbers 7n vacuo (cm=) ; 
11 18450-1 Small Roman, wave-number differences. 
5418-52 
168-7 
10 18281-4 
5468-52 
Oe 
9 18111-2 
5519-92 
170°0 
8 179412 
5572-23 
‘ 
LV 2:7 
71180276 3 17768°5 
5545-50 © 5626-39 
L755 172°7 
6 |17856-1 3% 17595-8 
5598-76 2 5681-59 
173°5 1722 
5 |17682-6 § 17423-6 R 16910-4  % 16655-2 
5053-72 5737-74 591188 ‘8 6002-47 
174°5 174°4 177-0 174°2 
4175081 2 172492 % 16990-4 © 16733-4 * 16481-0 "> 16227-3 
5710-07 (5795-77 5884-06 5974-42 % 6065-93 3 6160-75 
176°4 173°9 173°2 
Si 17331-7 2S 17075-36847 2 
5768-17 “o 5854-80 % 5944-66 
175°8 176°8 175 °4 
2|17155-9 * 168985 2 16641:8 © 16385-5 
5827-30 ‘5 5916-04 “& 6007-31 ‘A 6101-29 
176:7 176:2 176:2 
1 167218 2 164656 © 162093 © 15954:0 % 15703-8 
5978-57“ 6071-59 A 6167-60 “3 6266-28 % 6366-1 
176°8 177°0 178+3 178-2 
16545-0 16288-0 16031-0 15775-8 


° ie) N 
6042-44 6 6137-79 % 6236:18 «3 6337-07 
N 


e->o 


v’—>0 1 9 3 4 5 
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Table 2. SnTe system B<x: Band-head data 


6122325 
4478-0 
BO Italic numerals denote wave-lengths in air (1.A.) ; 
5) : 
Large Roman, wave-numbers im vacuo (cm=!) ; 
8 | 22119°5 Smal] Roman, wave-number differences. 
4519-64 
* ? also the 0,3 of system C<—x. 
208-4 
a \ 219114 y 20629-7* 
4562-62 4846-04 
211°8 211°8 
6 | 21699°3 20927:8 — 20417-9 
4607-15 4777-00 4896-31 
213°5 211°7 212°3 
5 | 21485-8 20716-1 - 20458 -4 es 202056 nS 1995353 
4652-94 4825-82 © 4886-62 © 4947-77 %% 5010-31 
212°5 216°6 214°6 
4 | 21273:3 a 210124 — 20499:-5 3g 202438 = 
4699-42 QO 4757-77 4876-80 1% 4938-40 
219'9 218°1 218°1 219°6 
-3 | 21053-4 > 20794-3 ha 205369 oe 20281 -4 Re 20024-2 ee 19769-3 
4748-51 4 4807-68 2 4867-92 Q 4929-25 H 4992-56 © 5056-94 
219°6 220°4 220°6 222°8 219'7 
2 | 208333 © 205739 2 20316-3 fF 20058-6 19549-6  19294-9 
4798-55 0 4859-17 4 4920-78 4984-01 51IZ-77 ww 5181-27 
: 225°5 224'8 224°0 223°0 
1 | 20608-3. S 20349-1 3 20092 °3 S 19835-6 e 195799 — 
4851-06 2 4912-85 © 4975-64 © 5040-04 © 105-87 
227°8 228-8 228-0 226°8 
‘0 a= 20121-3 2 19863-5 ch 19607°6 ef 19353-1 ne 19097:°7 se 18843-7 
4 4908-48 iS 5032-96 0 5098-64 Pa 5165-70 5234-78 ww 5305-33 
gy’ 
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Table 3. SnTe system c<x: Band-head data 


Italic numerals denote wave-lengths in air (I.A.) ; 
Large Roman, wave-numbers 7n vacuo (cm=") ; 
Small Roman, wave-number differences. 


9 | 23272-5 
4295-71 
200°5 
8 | 23072-0 
4333-04 
200°3 
7 | 22871-7 
4371-00 
204°9 
6 | 22666°8 
4410-50 
206°8 
5 | 224600 5 22201-8 
4451-11 4502-89 
209-7 PATA 
4 | 222503 { 21990-7 
4493-07 4546-10 
209°6 208 °3 
3 |22040-7 © 217824 © 21525-1 
4535-79 6 4589-59 3 4644-44 
212-6 ZiaeZ | 213°3 
2 | 218281 _£ 21570-2 S&S 21311-9 
4579-98 © 4634-74 © 4690-92 
Z2t5°3 215°9 215°3 
1 |21613-0" “o. 21354-305 =) 21096-6 
4625-56 © 4681-59 © 4738-79 
214°7 215°7 214°4 
\ 0 |21398-3. > 21138-6 SX  20882-2 
4 | 4671-96 % 4729-36 % 4787-43 
v 
v’>0 1 2 
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Table 4. SnTe system px: Band-head data 


Wave-lengths, 1.A., are given in italics. 

Wave-numbers, cm=!: bold-face denotes bands measured both in absorption and in emission; 
large Roman, bands measured in absorption only; 
large Roman,* bands measured in emission only. 


Wave-number differences, cm7!, are given in small Roman numerals. 


809-6* S$ 26553-0* 
728-95 2 3764-98 
172-6 177°4 
637-:0* * 26375-6* 25604-2 
753-12 3 3790-31 3904-50 
167°8 172°0 
459-2* = 25432 Daur re 25177-6 
778-34 3930-89 3970-66 
170°3 L722 173°8 
ms-9 = 260304"  25774-7 2 255151 = 252600 % 25003°8 
802-81 3840-57 5 3878-68 B 3918-15 9 3957-71 3998-27 
172-4 176°1 175°3 175°8 
116-5 % 25854-3 a 25339'8 2 25084-2 
827-92 S 3866-73 3945-25 9 3985-45 
176°5 176°3 174°5 WSR 
9400 & 256780 = 254209 £ 25165:3 § 24908-9 
853-96 2 3893-28 3932-66 © 3972-59 © 4013-52 
179°8 176°3 176°8 178°I 
foe) 
160-2 = 25501-7 2 25244-1 — 247308 6 244705 9 24215 
880-86 > 3920-20 8 3960-19 4042-40 3 4085-39 S 4128-5 
[78-7 177°3 177°5 178-9 175'8 173 
+r «a N 
9815 = 253244 2 250666 A 24809-2 © 245519 2 24294-7 © 24042 & 23785 
07-97 3 3947-64 ‘S 3988-25 © 4029-63 ‘S 4071-36 S 4114-96 “ 4158-2 © 4203-8 
Gi faa 179°4 178°6 178-7 176°4 172°2 177 178 
104-4 * 251450 ° 24888:0 * 246305 ° 243755 © 2412255 © 23865 © 23607 
35-22 B 3975-82 B 4016-86 ‘3 4058-86 4101-33 4144-33 © 4189-0 & 42 
a N . 
>) 1 2 3 4 5 6 7} 
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conform with empirical classification already used for systems of similar 
‘molecules (e.g. SnS, SnSe, PbSe).* Comparison of the plates of this system 
as developed in emission and in absorption showed that in the range 
3800-4250 a. the latter were more complete.t In fact the new measurements 
have nearly doubled the number of assigned bands. Particularly useful in 
confirming the analysis and in increasing the accuracy of the vibrational 
constants is the relatively strong development in absorption of bands of the 
1,0 and 0,0 sequences, which extend as far as the 6,5 and 5,5 bands respec- 
tively. These bands provide good values for the higher AG’ and AG" 
differences—values which are probably more accurate than those obtained 
from the lower v’ and v” progressions, where certain identification of the 
head due to the most abundant isotopic species becomes increasingly difficult 
with increasing distance of these bands from the system-origin. The data 
given in table 4 therefore summarize both sets of measurements. 

The weighted means of differences from all four systems were used in 
calculating the values of the ground-state vibrational terms. ‘The expression 
obtained was G’(v"’)=259-5u"’—0-50u'. This differs somewhat from that 
originally put forward from the analysis of the D=x system in emission, i.e. 
263-7u'’ —1-1u'’?, but the new values, representing more extensive observations, 
are to be preferred. It is also to be noted that the new value of x,’’w,”’ is in line 
with the general trend observed for other molecules of this group, thus: 


Table:5., Valuesefix7<5,- 


O S Se Te 
Ge 4-30 1-80 1-2 1-0 
Sn BRIS 1-34 0-88 0-50 
Pb 3-70 1-20 0-45 0-12 


Finally, the derived values of v, and of the upper-state vibrational constants 
are given in table 6. The relations of these data to those of similar molecules in 
this group will be discussed in a later paper. 


Table 6. Constants for electronic states of SnTe 


State Ve We Kee 
E 27500 o- — 
D 2544453 179-1 0-40 
c 214186 218-1 0-98 
B 20394-9 230°3 53% 
A 16844:0 178-5 0-44 
is 0 259°5 O50) 


* yewe= —0-013. 


* Similarly the fragment, also obtained in emission, of what may be another system of SnTe 
involving the ground state, which was previously called B—>X (Barrow, 1940), is now called 
1». Recent absorption spectrograms (January 1944) have confirmed the existence of this 
system E==x. [Note added 2 February 1944.] 


+ For practical reasons, the low-A limit of the present absorption measurements was about 
3800 a. 


The absorption spectrum of SnTe 85. 
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THE BAND SPECTRUM OF N,: WEAK SYSTEMS 
| IN THE VISIBLE. REGION 


By A. G. GAYDON, D.Sc., 
Chemical Engineering Department, Imperial College, London S.W.7 


MS. received 22 September 1943 


ABSTRACT. ‘The spectrum of N, produced by mild excitation with a silent, ozonizer- 
type discharge, and with a Tesla coil has been studied. The Goldstein-Kaplan bands at 
AX4165, 4432 and 4728 appear readily and photographs and measurements made with 
large dispersion are presented. ‘The measurements support Kaplan’s vibrational analysis 
for these bands, but it is believed that other bands in the ultra-violet belony to a different 
system. The rotational structure and probable type of electronic transition are discussed. 

A weak new system of bands in the Green has been observed. A provisional analysis 
gives w,’=896, ,’’=740 cm.7?. 

The electronic levels of No, the effect of excitation conditions on the band systems of 
N,, and the bearing of the results on the determination of the dissociation energy are 
discussed. 


§1. INTRODUCTION 


further information about the dissociation energy of this molecule. The 

reasons for doubting the value of 7:38 ev. have been given briefly 
by Gaydon and Penney (1942) and will, it is hoped, be published in detail at a 
later date. While attempting to photograph the Vegard-Kaplan bands in a 
silent, ozonizer-type discharge as recommended by Wulf and Melvin (1939), 
some unfamiliar bands in the blue and green regions were observed. ‘The 
bands in the blue, which are degraded to the red, were apparently first observed 
by Goldstein (1905) and have since been obtained under small dispersion by 
Kaplan (1934) and Hamada (1937).* ‘The bands in the green are degraded to 
the violet and are apparently a new system.t A preliminary note on these bands 
has already appeared (Gaydon, 1943 a), and new singlet systems of N, in the 


| termes inom s on the N, spectrum were commenced with a view to obtaining 


* J am indebted to Prof. G. Herzberg for supplying this reference, which I had previously 


overlooked 
+ A recent note by Kaplan and Rubens (1941) reports five new bands between 5000 and 


6100 a. in a weak discharge through nitrogen ; no measurements were made ;' the bands were 
provisionally assigned to N, or a triatomic oxide of nitrogen. 
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ultra-violet, which were discovered during these investigations, have been fully 
reported (Gaydon, 1943 b). 

The bands in the blue, the Goldstein-Kaplan bands as they have been called, 
occur quite strongly in normal discharge-tube sources provided the gas pressure 
is relatively high, and it is surprising they are not better known. No photo- 
graphs or detailed description of the bands appear to have been published and 
they are not mentioned in many of the recent books on band spectra. Kaplan 
has provisionally assigned the bands to a transition to the BIJ state of N,, but 
the intensity distribution and limited accuracy of the available measurements 
did not, in the author’s opinion, carry conviction that this analysis was necessarily 
correct. In this paper photographs under large dispersion and more detailed 
discussion of the Goldstein-Kaplan bands and the new Green system are 
presented. 


§2. EXPERIMENTAL 


The bands were first obtained with the ozonizer-type discharge. For this, 
two concentric glass tubes about a metre long were used, the inner tube having 
an external diameter of about 0-8 cm., and the outer tube having a bore of 
1-4cm. The inner tube was filled with a conducting liquid which served as 
one electrode, while a covering of tin-foil around the outer tube acted as the 
other electrode. A fairly fast stream of nitrogen from a cylinder was admitted 
through a side tube to the space between the concentric tubes at one end, which 
was closed, and the gas passed out into the air at atmospheric pressure at the 
open end. A silent discharge was maintained with an induction coil, and the 
violet glow was viewed end-on through the open end. This source brought 
out the Goldstein-Kaplan bands and the Green system quite well relatively 
to the other systems of N,, but the intensity was insufficient for work with large 
dispersion. 

In order to study the structure of the bands in greater detail, experiments 
were made with various designs of discharge tube and under various conditions 
of excitation. It was found that the Goldstein-Kaplan bands appeared quite 
readily in an ordinary induction-coil discharge through nitrogen (but not air), 
provided the gas pressure was fairly high (a few cm. of mercury). At lower 
pressure the spectrum was dominated by the Second Positive and First Positive. 
bands, and the Goldstein-Kaplan bands were relatively very weak. These 
bands were never observed well in a transformer discharge, probably because 
the transformers used did not give a sufficiently high voltage to strike the 
discharge at the desired high pressure. ‘The Goldstein-Kaplan bands are, 
however, present on some plates taken by Dr. R. W. B. Pearse using a discharge 
maintained by a valve oscillator. The new Green bands were not observable 
with the ordinary induction-coil discharge as the very strong First Positive 
bands masked this region of the spectrum. 

The bands were obtained in various designs of discharge tube, but it was 
found that to obtain high intensity for work with large dispersion a small-bore 
tube was best. ‘The tube used for later work had a central capillary of about 
2mm. bore and was 20 cm. long, the discharge being viewed end-on through 
one of the electrodes which had the form of a hollow cylinder. Several plates 
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were taken with a glass-prism spectrograph giving moderate dispersion, and by 
reducing the pressure of nitrogen slightly below the optimum so as to increase 
the brightness of the discharge, satisfactory spectrograms of the 4728-a. band 
were obtained in the second order of the 6-m. concave grating of the Physics 
Department, this giving a dispersion of 1:9 a./mm. One of these spectrograms 
is reproduced as (d) in the plate. 

By far the purest source for both the Goldstein-Kaplan and the new Green 
system was found to be a Tesla-coil discharge, again at relatively high pressure. 
A commercial “ leak-tester”” was used as the Tesla coil, and the same capillary 
discharge tube was found satisfactory. In this source the First Positive bands 
were, for some reason, largely suppressed, and it was found possible to obtain 
useful spectrograms showing the new Green system. Some of these, taken 
with a glass-prism instrument, are reproduced in the plate, (a), (b), (c). 

For the early experiments, commercial nitrogen containing traces of oxygen 
and moisture was used, and the spectrum showed quite strong NO and OH 
bands in addition to Ng. 

Experiments were carried out with various gas mixtures in order to obtain 
chemical evidence on the emitting molecule. With special, chemically dry, 
oxygen-free nitrogen as supplied by British Oxygen Co., the Goldstein-Kaplan 
and Green systems were well developed and the NO and OH bands were very 
weak, although admittedly not quite absent. With exactly similar discharge 
conditions, but using air instead of nitrogen, the Goldstein-Kaplan and Green 
bands were entirely absent; the NO and OH were of course strong. With air 
it was also noticed that the N, First Positive bands were much less intense than 
in the discharge through pure N,: reference is made later to this effect. To 
check that the new bands were not due to some unknown impurity in the cylinder 
nitrogen, atmospheric nitrogen, prepared by absorbing the oxygen with alkaline 
pyrogallol, was used, and it was found that the new bands appeared satisfactorily, 
All the chemical evidence, therefore, suggests N, as the emitter of the band 
systems studied. 

Using the specially pure nitrogen, small additions of oxygen, water vapour 
and hydrogen were made. It was found that even very small quantities of 
oxygen had a marked effect in reducing the intensity of both the Goldstein- 
Kaplan bands and the Green system. Less than 10 % of oxygen was sufficient 
to remove all trace of the bands. Water vapour also had a marked inhibiting 
effect, and nitrogen saturated with moisture at room temperature (about 2% 
H,O) showed the bands only very weakly. Hydrogen also had an inhibiting 
action, but less strong; with nitrogen which contained a trace of oxygen, the 
addition of a little hydrogen appeared to strengthen the bands, probably because 
it converted the oxygen to water, so reducing the inhibiting action of the oxygen. 
Discharges through flowing nitrous oxide did not show the bands. 


§3. THE GOLDSTEIN-KAPLAN BANDS 


Goldstein (1905) originally published a brief description and rough wave- 
lengths of some bands in the blue. Kaplan (1934, 1935) rediscovered these 
bands in the blue and also recorded bands around 3180, 3114, 3027, 3010 
and 28864. He suggested that they were due to N, and involved a transition 
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to the B3II state of this molecule, high vibrational levels of this state being : 


involved. Hamada (1937), in a paper on metastable nitrogen, records having 
observed the bands in the afterglow and gives the following wave-lengths: 
2863-5 (0, 2), 3005-4 (0, 3), 3159-2 (0,4), 3326-1 (0, 5), 3504-0 (0, 6), 3707-1 (0,7), 
3925-4 (0,8), 4166-0 (0,9), 4432-2 (0,10), 4728-0 (0,11), 5058-6 (0,12), 
3025-8 (1,4) and 3178-4 (1,5), noting that the last two were very weak, but 
giving no other information about the relative intensity of the bands. 

In the present investigations only the bands around the blue region are 
well developed. ‘The strongest three bands have first heads at 4165, 4432 
and 4728a., and there are weaker bands at 5059 and around 5450. ‘These 
bandsare shown inthe plate, which reproduces spectrograms of the Tesla discharge 
through nitrogen and through air, (a), (b) and (c), with the glass-prism spectro- 
graph, and (d) an induction-coil discharge through nitrogen and through air 
taken in the second order of the 6-m. concave grating. 

The structure of the individual bands is obviously rather complex, each 
band showing a number of heads and outstanding features. Three of the 
clearest heads have been selected for each band where possible and measured. 
These measurements are presented in table 1. 


Table 1 
Wave-lengths (in air) and wave-numbers (im vacuo) of the Goldstein-Kaplan bands. 
r v r vp 

4165:7 23998°8 5059-4 19760 
4171-6 23964°8 5066:7 19731 
4178-2 23927-0 5076-2 19694 
4432-3 22555:0 — — 
4438°8 2252225 — = 
4446-2 22484°7 5450 18340 
4728°4 21143-0 

4735-6 21110°7 

4743°8 21074:3 


The 4165-a. band is rather badly overlapped by the (2,6) Second Positive 
band, perturbations in the rotational structure of the latter producing intensity 
anomalies which confuse the appearance of the head of the 4165-a. band; by 
careful comparison of N, and air plates it has been possible, however, to pick 
out the three heads selected for measurement with fair certainty. The heads 
of the 4432-a. band are fairly free from overlapping structure, but the tail of 
this band is overlaid by stronger Second Positive structure. The 4728-a. band 
being the most nearly free from overlapping, was selected for more detailed 
study with large dispersion. ‘The 5059-a. band presents rather a confused 
appearance, which is probably caused by superposition by a band of the Green 
system. ‘I'he 5450-a. band is definitely present and shows up clearly on small- 


dispersion spectrograms taken with the ozonizer-type discharge, but has not 


been photographed well with larger dispersion; location of heads is therefore 
difficult. 

The rotational structure of the 4728-a. band is fairly well resolved on the 
grating spectrogram (strip (d) of plate). The magnitude of the structure is. 
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consistent with N, as the emitter. Much time has been spent in attempting a 
full rotational analysis, but without success. Some fragmentary branches 
have been picked out, these showing fairly large second differences of about 
0-7 cmz!, indicating that B’’—B’ may be of the order 0:35 cm-!. All the 
branches are much overlaid by other structure, however, and do not run smoothly 
for more than seven or eight members: it is very probable that the levels are 
perturbed. ‘There are some signs that the fragmentary branches show the 
alternation of intensities characteristic of a homonuclear molecule when a » level 
is involved, but the overlapping and uncertainty about the reality of some of 
the branches make it unsafe to rely on this doubtful observation. 

The complexity of the rotational structure obviously rules out a transition 
between singlet states, and doublet states (for N,*+) are also almost certainly 
eliminated. It also seems certain that there ate Q-type branches of con- 
siderable strength, indicating that there is a change of A and so ruling out Sd 
or II-II transitions. ‘The general appearance of the band seems consistent 
with a transition between a *& and a ®II state, or perhaps between 3II and 3A. 
It is possible that quintet states are involved, but these seem less likely than 
triplets. 

The bands in the blue region which have been described obviously lie in a 
single progression and, according to Kaplan’s analysis, are the (0,9) to (0, 13) 
bands of a transition to the B3II state of N,. [he wave-number intervals between 
the bands, about 1443, 1411, 1381 and 1354, do, indeed, agree well with the 
values 1443, 1413, 1383 and 1353 for the B?II level, as obtained from measure- 
ments of the First Positive bands. ‘The present measurements therefore 
support Kaplan’s analysis of the bands in the blue region, although it must 
always be remembered that it is never very difficult to force a small group of 
converging wave-numbers to fit at some point with those of another group; 
the values of x,w, are often about the same for the several electronic states of a 
molecule, and close agreement of the two groups of intervals may then easily be 
fortuitous. 

Apart from the bands around the blue region listed in table 1, spectrograms 
of the ordinary induction-coil discharge at relatively high pressure show a weak 
but undoubtedly real band around 3007 a. (the head is rather difficult to locate), 
but, despite careful scrutiny of plates taken with a large quartz (Hilger E.1) 
spectrograph, none of the other bands listed by Kaplan or Hamada has been 
observed. The region is, of course, heavily overlaid with strong Second Positive 
bands, but it is certain that, if present at all, these bands, assigned to the 
Goldstein-Kaplan system, are very weak under these conditions of excitation. 

If we accept the vibrational analysis for the strong blue bands as (0,9) to 
(0,13), and remember that the rotational structure indicates that the bands are 
strongly degraded to the red (and therefore correspond to a marked decrease 
in internuclear distance during the transition), application of the Franck-Condon 
principle, or a more refined wave-mechanical treatment, indicates that bands 
such as (0,2) and (0,3) would not be of appreciable intensity. This difficulty 
seems serious and is fundamental to Kaplan’s analysis, which includes the blue 
and the ultra-violet bands in the same progression; raising the value of v’ would 
only lead to still greater difficulty in explaining the intensity distribution. The 
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author is therefore of the opinion that the bands observed by Kaplan and 
Hamada around 2800 to 3200 belong to a different system. This is supported 
by Kaplan’s statement (1934) that ‘‘ The first three bands [the blue ones] were 
observed only at pressures below 0:1 mm., while the other two [3010, 2864] 
were present at all pressures.” This statement and the weakness of the ultra- 
violet group in the author’s investigations seem to prove that the two groups 
require slightly different experimental conditions, and cannot therefore have the 
same initial levels. ‘The paradox is the apparent observation of the whole 
progression by Hamada (1937), but in the absence of photographs or details 
it is uncertain how much reliance his observations should command. It is 
probable that the Goldstein-Kaplan bands should be regarded as two systems, 
one in the ultra-violet and the other in the blue region, this latter being due to a 
transition from a 3X, or possibly a 3A, level to the RB *II state of No. 


§4. THE GREEN SYSTEM 


These bands occur in the ozonizer-type discharge at atmospheric pressure 
and in the Tesla discharge at a pressure of a few cm. of mercury; with an ordinary 
induction-coil or transformer discharge, even at high pressure, the new bands, 
if present, are entirely masked by strong First Positive bands. When the 
‘“‘buzzer”’ of the induction coil is adjusted to give a very feeble discharge, which 
is violet instead of bronze in colour, the Green bands are faintly visible among 
those of the First Positive system. ‘The conditions of excitation required to 
bring up the Green system are, therefore, very similar to those required for the 
blue Goldstein-Kaplan bands, but on some plates there appear to be changes in 
the relative intensity of the systems; this may indicate that their initial 
electronic levels are not the same. 

The Green bands are degraded to the violet and their structure is again 
complex. For the bands which have been measured (see table 2) five heads 
or outstanding features have been selected, of which the last (of shortest wave- 
length) is the strongest and most reliable; there are at least two other weak 
heads in front of the first measured head. ‘There is a strong band with its 
strongest (fifth) head at 5309a., and a second band which is nearly as strong 
at A5574. Comparison of the intensity of these two bands is made difficult by 
rapid change of plate sensitivity with wave-length in this region. With heavy 
exposure a much weaker band, definitely of the same type, having its strongest 
head at 5270a., is visible. ‘There is another fairly strong band, which is probably 
of the same type, with its strongest head at 5815a., but this is heavily overlaid 
by First Positive bands, and location of heads is difficult. There is some 
complex band-structure between 5040. and 5080a.; part of this is due to a 
blue Goldstein-Kaplan band, and there is also a weak Second Positive (3, 10) 
head at 5067 a., but some of the structure appears to be attributable to a band 
of the Green system; its strongest head might be at 5073. (19707 cm=). 
There are indications of other very weak bands lying to longer wave-lengths, 
around 6075 a. (16457 cm-') and 6340. (15768 cm:1), but these are masked 
by First Positive bands. 

The vibrational structure of the bands of the Green system is not very 
obvious, but a provisional scheme is set out in table 3. It must be emphasized 
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that measurements of bands other than those given in table 2 are very uncertain, 
and the provisional scheme is not necessarily correct. It has the advantage 
that it sets the three strongest bands as the (1,0), (0,0) and (0,1), but the 
vibrational frequency intervals at w,’=896 cm?! and w,"’=740 cmz! are rather 
small for N,; however, it is known (Chulanovskii, 1935) that the 515+ level 
of N, has a value for w, of only 758-6. 


Table 2 
Wave-lengths and wave-numbers of heads of bands of the Green system 

A v A v 
5289-2 18901, 5595-0 17868 -2 
5283-1 18923 5587°6 17891-8 
5278-6 18939 SAY 17906:9 
5274-4 18954 55793 17918-3 
5270:°5 18968 5574°8 7932-9 
5326-9 18767:2 5839-5 17120 
5320-7 18789-4 = = 
5316-7 18803 -4 aes = 
SPAY 18817-0 == aan 
5309°5 18828 -8 5814°7 17193 


The rotational structure of the 5309 a. band is partially resolved, although 
not sufficiently so to justify an attempt at full analysis. ‘The general appearance 
of the band is very similar to that of the Fourth Positive bands of N, (for photo- 
graphs of these under fairly large dispersion see Gaydon, 1943b). This suggests 


Table 3. Provisional vibrational scheme for the Green system 


ay v”’ 0 1 9) 3 
0 17933. 740 17193 736 (16457)* 689 (15768)* 
896 
1 18829 
878 


2 19707 739 18968 


* These measurements are rough estimates of the centres of the bands ; the strongest 
heads probably lie to slightly greater wave-numbers. 


that the band may be due to a transition between a *X and a 3II state. It is 
possible to imagine that the band shows branches with alternating intensities, 
this supporting the assignment to N, and the provisional conclusion that a & 
state is involved (transitions involving only II and A states do not usually show 
alternating intensities because of unresolved A doubling). 


§5. DISCUSSION 


The electronic energy levels of Nz. ‘The types of source used for the pro- 
duction of these systems of N, are all characterized by fairly mild excitation 
conditions. In all the sources, the First Negative bands of N,+ are weak and 
there is no sign of the N, systems involving highly excited states such as the 
Fourth Positive. The use of a mild condensed discharge instead of the 
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uncondensed one does not enhance the Goldstein-Kaplan or new system; rather _ 
the contrary. The indications are, therefore, that the electronic levels involved | 
are of comparatively low energy. 

No other system involving the upper level of the blue Goldstein-Kaplan — 
bands appears to be known, and, if the provisional analysis for the Green system 
is correct, this indicates the existence of two more low-lying electronic levels 
of N, with which no other combinations are known. This at first appears rather | 
surprising, but becomes less so if we compare the spectrum of N, with that of — 
the iso-electronic molecule CO. | 

For CO the two triplet systems of lowest excitation energy, the Asundi 
bands and the “Triplet” bands, are both weak and far from prominent under | 
ordinary conditions of excitation, which bring up much more strongly the more 
highly excited Third Positive, “3A”, and Angstrom systems. It may well be, 
therefore, that some of the systems of N, requiring low excitation energy are 
also abnormally weak. For CO the possible transitions b3X+—a'?X* and 
c3[]+2'3X+ have not been recorded. This suggests that, for N., transitions 
between the new levels and the better known levels may also fail to appear, 
especially as, for N,, additional selection rules (g 4g, u4u) due to the symmetry 
properties of the homonuclear molecule will impose additional restrictions on 
the number of possible transitions. 

For CO, the weakness of the Asundi and “‘ Triplet”? systems and failure to 
observe the other possible transitions is largely the result of the Franck-Condon 
principle. The a’?X+ state has a much smaller w and therefore almost certaialy 
a much greater internuclear separation than the other electronic states; this 
results in small overlap of the wave-functions of a’?X+ with those of the other 
states and, therefore, the low’or negligible intensity of the systems. We have 
seen that for the Green system of N, there are indications of w, values as low as 
896 and 740 cm:1, which are both very much smaller than for any other known 
triplet level. For the Goldstein-Kaplan band of 4728 we have seen that there 
are indications from the rotational structure that B’ —B’=0-35; combining 
this with the value of B,,”’ (estimated from molecular constants for the B3II state 
as 1:41) we arrive at B’=1-:lcmz!. This is about the same as that of the 
b'1X,+ state of N, which has B=1-14 and w)=758. Thus, by analogy with CO, 
the failure to observe other transitions to the electronic states of N, involved in 
the Green and Goldstein-Kpalan systems is not so surprising after all. 

Apart from these considerations, other evidence suggests that there are 
some hitherto unknown triplet levels of N,. The c?I, upper level of the 
Second Positive bands shows perturbations which prove the existence of a stable 
*Xy state, causing the perturbations in the v=1 and 4 levels, and probably of 
another II, state causing weaker perturbations (Gerd, 1935). It is not improbable 
that one of these perturbing levels may be involved in the emission of the Green 
system. 

The conditions of excitation. ‘The new systems only appear under rather 
limited excitation conditions, and it would seem to be of interest briefly to discuss 
this aspect of the subject. The detailed processes taking place in discharge tubes 
are not well understood, and the author has not seen a completely satisfactory 
explanation, even of such striking effects as the variation of the relative intensity 
of the’ First and Second Positive systems of N, with discharge-tube conditions ; 


The band spectrum of Ny: weak systems in the visible region —_9 


a transformer or high current-density induction-coil discharge through nitrogen 
is orange in colour, the First Positive being very strong, while electrodeless or 
very low current-density induction-coil discharges are blue-violet in colour, 
the First Positive bands being very weak. The substitution of air for nitrogen 
in the transformer discharge also weakens the First Positive. It is probable 
that at least three factors—the nature of the exciting particles, the velocity of the 
exciting particles, and deactivation by collision—play an important part in 
determining the relative strength of the various band systems. 

The exciting particles may be either electrons or heavier ions, and perhaps 
in rare cases light quanta. For electron excitation, as in the electron beam 
and, to a large extent, in ordinary discharges, we may expect the Franck-Condon 
principle to be obeyed, the N, molecule being excited only to states of nearly 
the same internuclear distance. For excitation by ions, as in canal rays, we 
may expect the collision process to transfer momentum as well as electronic 
energy, and systems and vibrational levels other than those conforming to the 
Franck-Condon principle may be excited. Smyth and Arnott (1930) have 
studied the vibrational intensity distribution among N, bands and found that 
most discharges approximate to electron excitation, but that the electrodeless 
discharge approaches most clearly, among the discharge types studied, to the 
canal-ray type. This would seem to suggest that, since the new bands appear 
best in the electrodeless ozonizer-type discharge and the Tesla discharge, they 
are favoured by ionic rather than electron-collision excitation, in agreement 
with the view expressed above that a big change in internuclear distance must 
take place. ‘This is not, however, supported by the internal evidence of the 
spectra; the ozonizer and ‘Tesla discharges show a low vibrational temperature 
for the Second Positive bands with the (0,5) band much stronger than the 
neighbouring (4,10) band, while the transformer discharge and low-pressure 
induction-coil discharges, which do not favour the new systems, show the 
(4,10) band more strongly than the (0,5), indicating a higher vibrational 
temperature. 

It is also probable aie the energy of the exciting electrons or ions is important. 
Little is known about the details of molecular excitation by controlled electrons, 
but for atoms (e.g., the work on cadmium by Larché, 1931) the curve of excitation 
probability versus electron velocity sometimes showsa quite sharp peak for partially 
forbidden transitions (e.g., Cd 3261 a., 1S+%P) compared with a slow rise to a 
flat maximum for allowed transitions (e.g., Cd 2288 a., 1S—>1P). Similar effects 
probably occur for molecules. The high pressure favouring the new systems 
may act by reducing the mean free path of the electrons and so limiting the 
energies which they can attain before suffering collision. 

Deactivation of electronically excited molecules by collision with other 
molecules must play a very important rdle in the emission of light from discharges. 
The First and Second Positive systems of N, are due to the transitions B?II--a*& 
and c3II->B3II respectively, so that the final state of the Second is the initial 
state of the First Positive system. Were it not for deactivation by collision, the 
First Positive bands should therefore always be stronger than the Second, 
because any molecule which has just undergone the transition c*I/>B*II must 
then be in a position to undergo the further transition B*I]-+a*X. In. practice, 
however, it is possible to obtain discharges in which the Second Positive bands 
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are strong and the First are almost absent, at least in the visible region. The 
reduction of intensity of the First Positive bands and the new systems by a little 
oxygen is probably a case of collision deactivation. It is usually assumed that 
the radiative lifetime of a molecule in an excited state is of the order 10-° sec., 
but this is probably too short; Oldenberg and Rieke (1938) have shown that the 
radiative life of excited OH, corresponding to the very strong 3064-a. band, 
is 3-8 x 10-6 sec. For weaker transitions, it seems safe to assume a life of the 
order 10-@ or even 10™5 sec. At a pressure of a few cm. of mercury, each 
molecule will make over 108 collisions per sec., so that each excited molecule 
may make from 100 to 1000 collisions before radiating. Thus, if oxygen mole- 
cules have a very high efficiency for producing deactivation, there appears to 
be no difficulty in seeing how a few per cent of oxygen may weaken the emis- 
sion of a particular band system. 

Although the influence of three factors in modifying the emission spectrum 
of discharges has been discussed, it is not possible to say quantitatively which 
is the most important for the present experiments. More work on the processes 
of excitation in electrical discharges seems desirable. 

The dissociation energy. ‘The discovery of the new Green system has no 
direct bearing on the determination of the dissociation energy of N,. No fresh 
predissociations have been observed and no further extrapolations of vibrational 
levels to their dissociation limits are possible. 

The evidence for the existence of some new electronic levels of N, of low 
energy, possibly levels of II type, has, however, an indirect bearing on the 
problem. In applying the non-crossing rule, that potential-energy curves for 
molecular states of the same species cannot cross, the B°II, state presents some 
difficulty as a large number of vibrational levels are known, and since this state 
should, if it is the lowest of its type, dissociate to the lowest possible products, 
namely, 4S +?D, it is necessary to assume either a very high dissociation energy 
or that the potential curve for B*II, has a pronounced maximum. Now, 
however, the discovery of the new levels opens up the possibility of there being 
a 31], level below B*II, which could then dissociate to 45 +2P, which would 
present less difficulty. 

In conclusion, I wish to express my sincere thanks to Sir Alfred Egerton 
for his keen interest in these investigations, and to the Council of the Royal 
Society for financial assistance. 


DESCRIPTION OF PLATE 


(a), (b) and (c) are enlargements of spectrograms taken with a Tesla coil discharge at relatively 
high gas pressure (about 10 cm.) on a glass-prism spectrograph. In each case the upper spectrum 
is of a discharge through air, showing N, Second Positive, First Positive and weak N.+ bands. 
The lower spectrum is of the discharge through pure nitrogen and shows the Goldstein-Kaplan 
and new Green bands in addition. An iron-arc comparison spectrum is shown in each case. 
(a) and (b) were taken on a Kodak 0.H. plate with an exposure of 1 hr. (c) was taken on an Ilford 
H.P.2 plate ; exposure 1 hr. 


(d) Spectra of an induction-coil discharge at a pressure of about 1 cm. mercury, photographed 
in the second order of a 6-m. concave grating. The upper spectrum is of a discharge through air, 
with an iron-plus-manganese-arc comparison, while the lower spectrum is of the discharge through 


pure nitrogen and shows the 4728-a. Goldstein-Kaplan band. Ilford Press Ortho 2 plate ; ex- 
posure 12 hrs. 
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THE BAND SPECTRUM OF NO: THE GAMMA 
AND EPSILON SYSTEMS 
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ABSTRACT. The spectrum of NO has been studied in a transformer discharge and in 
a silent ozonizer-type discharge. Bands of the y, « and 0 systems have been photographed 
and measured. From the measurements and intensity distribution it is shown that the 
y and ¢« systems are separate, this being contrary to Herzberg and Mundie’s conclusion 
that the « bands were part of the y system. ‘There is no evidence for predissociation in 
the y or « systems. It is difficult to reconcile the observations with a value for the heat of 
dissociation of NO as low as 5:29 ev. 


$1. INTRODUCTION 


ECENTLY Gaydon and Penney (1943) have expressed doubts about 
R’ determinations of the dissociation energies of CO, N, and related 
molecules, which are based on the observation of weak predissociations. 
For NO, the dissociation energy of which can be linked with that of N, by 
thermochemical data, no direct evidence of much value is available, but 
Herzberg and Mundie (1940) have suggested that the y and « band systems of 
this molecule are really one system, and that the greater strength of the « system 
(or, on this suggestion, of bands of the y system with v’>4) in absorption is 
due to greater line breadth resulting from predissociation in these levels. 
In their paper, Herzberg and Mundie state that ‘The observation of 
y bands in emission with v’>3 (Guillery, 1927), which would contradict our 
explanation, does not appear to be definite”. In fact, there is no difficulty in 
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observing the bands reported by Guillery, and in order to settle the point the 
author has thought it desirable to publish photographs of these bands. 

Although many of the bands of the y system have been studied in detail by 
Guillery (1927) and Schmid (1930), and the former has given a vibrational 
array for the combined y and ¢ systems with head measurements to the nearest 
1 a., and while Hellermann (1936) has measured some of the « bands of the v’ =0 
progression from observations in emission from a high-frequency discharge, 
yet there does not appear to be any full record of reasonably precise measure- 
ments of the bands of these systems; the table of measurements collected by 
Pearse and Gaydon (1941) includes some very poor measurements, and is in 
many respects far from complete. The author has therefore thought it 
desirable to round off the observations on the e system by presenting full 
measurements and estimates of intensities for all the bands of the y and e systems 
which have been observed. 


§2. EXPERIMENTAL 


The y and e bands of NO are emitted quite strongly by an ordinary electric 
discharge through air at reduced pressure. For most of the work a transformer 
discharge through a tube of the type described by Hunter and Pearse (1936) 
was used. This proved an intense source and enabled satisfactory spectro- — 
grams to be taken down to the limit of transmission of air with quite short 
exposures. 

This transformer discharge at low pressure is, however, characterized by a 
rather high rotational temperature of the bands, the long rotational branches 
of the strong bands tending to obscure the heads of weak bands. It was found 
during the course of some investigations on the spectrum of nitrogen (Gaydon, 
1944), using a silent (ozonizer-type) discharge through nitrogen at atmospheric 
pressure, that the NO bands were very prominent and that in this source the 
heads of the bands were very clear and outstanding owing to the low effective 
rotational temperature. This effect is clearly seen by comparison of strips (e) 
and (f) of the accompanying plate. This ozonizer discharge, the simple tube 
for which has been described in the paper on N, (Gaydon, 1944), using com- 
mercial nitrogen which contained a trace of oxygen as impurity, was therefore 
used for measurements of most of the y bands. With this source, however, 
the « system did not appear at all on any of the author’s plates. 

The strong bands of the y system in emission lie in the ordinary quartz 
ultra-violet region of the spectrum, and no difficulty was experienced in obtaining 
satisfactory photographs of these bands using a medium-sized quartz spectro- 
graph (Hilger E.2). With the transformer discharge, exposure times were of 
the order of a few minutes; with the weaker ozonizer-type discharge, exposures 
of from } to 6 hours were required. 

Some of the y bands and most of the « system lie to rather shorter wave- 
lengths and cannot be recorded with a medium-sized quartz instrument, but 
many of the bands were photographed quite readily with a small quartz spectro- 
graph, the dispersion of which in this region (1900-2100a.) is adequate for 
examining the vibrational structure. When using the small instrument the slit 
was placed close against the source and no condensing lens was used. In this 
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way the atmospheric path length was kept to a minimum, and so the absorption 
by oxygen was reduced. No O, bands at wave-lengths greater than 1940.a. were 
observed; the (0,0) « band at 1880a. was recorded on the plates, but oxygen 
absorption was present in this region, and no measurements were made below 
1940. For work below 2300a., special ultra-violet-sensitive plates were used. 

For wave-lengths greater than 2100a., an ordinary iron-arc comparison 
spectrum was used. Between 2100 and 19444., a copper spark (condensed 
induction-coil spark between copper electrodes) was employed, standards quoted 
by Burns and Walters (1931) being available. 


§3. THE MEASUREMENTS 


The bands of both systems are double double-headed. For most of the 
bands the author has measured all four heads CE OT bos), —Dutoniatac 
P heads are included in the tables. These are usually easier to measure and 
more reliable than the Q heads, whose exact position is sometimes confused 
by lines of the P branches. The Q heads lie to the short wave-length side of 
the P heads, by about 1-5 a., at the long-wave end, and about 0-8 a. at the short- 
wave end (around 1950a.). For the bands of the y system, which have been 
the subject of rotational analysis by Guillery or Schmid, their measurements 
made under larger dispersion are given instead of the author’s. For the 
« system the P, heads of three bands measured by Hellermann (1936) are 
included. ‘This table also includes a provisional value for the P, head of the 
(3,0) band; this is-derived by adding 4a. to Leifson’s value (1926) for the 
centre of the band as observed in absorption, since it has been observed that 
his ‘‘centres”’ differ from Hellermann’s heads by about this amount. 

The measurements for the y and « systems are given in tables 1 and 2. The 
reasons for believing that the systems are separate, and not one as suggested 
by Herzberg and Mundie, are given below. For bands of reasonable intensity 
lying to wave-lengths greater than 2200a., which have been measured with 
the E.2 instrument, the probable error of the measurements is about 2cm71. 
For bands below 2200. and a few of the weaker bands to longer wave-lengths, 
which were measured on the small quartz instrument, the probable error is 
about 5 cm-1. 


Table 1. The P, and P, heads* of the y system of NO 


TO WO Nair Vvac. a OF Nair Vvac. 
0,6 3008°8 33226 0,1 2370:2 42178 
2997-6 33350 2363.°3 42301 

ls 7 2952-0 33866 Ds) 2316:3 43159 
2941°9 33982 2309°5 43286 

2,8 2898 °3 34493 3,4 2289°8 43659 
2888-2 34613 2284°1 43768 

0, 5 2859°5 34961 0,0 2269°4 44051 
2849°8 35080 2262°8 44179 


* This is the notation used by Guillery and Schmid ; these are really the °Pj2., P2, Py and Q, 
heads respectively in modern notation. 
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0, 4 
5 
2,6 


0,3 


lS 


0, 3 
1,4 
@), 2 


hy 


Aair 
2810-4 
2800°8 


2763°7 
2755°2 


21222, 
Zaqiils}or- 


2680-0 
2671-4 


2639-1 
2630-7 


2595°7 
2581-5 


2559-0 
2550:0 


2523°6 
2516-4 


2478°7 
2471-1 


2447-0 
2440-0 


Table 2. The P, and P, heads * of the « system of NO 


Nair 
2181-8 
2176°1 


2157°5 


2099-8 
20945 


2078:2 
2073-0 


2022°3 
2017°5 


2003-6 
1998-6 
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Table 1 (continued) 


Vyac. 
35573 
35694 


36173 
36284 


36724 
36845 


37302 
37423 


37880 
38001 


38514 
36636 


39067 
39189 


39614 
39727 


40332 
40455 


40855 
40972 


Vyac, 
45820 
45938 


46336 


47608 
47730 


48119 
48224 


49431 
49551 


49895 
50018 


208 
0) 
2,1 
& By- 
2,0 
oy 


3,0 


Vv, vy’ 


Onl 
0,0 
1,0 
2,0 


$50 


* See footnote on previous page. 
t Measurement by Hellermann. 
{ Measurement from Leifson (see text). 


Nair 
2245-4 
2239-4 


2222-4 
2216°3 


2199-6 
2194-0 


21549 
21491 


2135-0 
2129-6 


2115-0 
2109-5 


2052-8 
2047°5 


2035-7 
2030°7 


1961+1 
1956-1 


Nair 
1949-7 
1945-0 


Vvyac. 
44522 
44640 


44982 
45105 


45448 
45565 


46391 
46516 


46824 
46943 


47266 
47390 


48699 
48824 


49107 
49228 


50975 
51106 


Vyac. 
Si272, 
51398 


53147} 


55424} 


57657+ 


(59844)t 
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In addition to the y and e bands, two other bands of similar but slightly 
different appearance are present on spectrograms of the transformer discharge. 
These are apparently bands of the 6 system, the measurements agreeing with 
those given by Knauss (1928): 


a oe Nate Vyac. 0 Jair Vyac. 
(0, 2) 2060:9 48507 (0, 1) 1985-4 50353 
2055°9 48624 1980°5 50475 


These two bands of the 5 system appear to have been erroneously included 
in the y system by Guillery, who gives 20604. and 1984 a. for the (2,0) and 
(6,4) y bands. 


§4. THE VIBRATIONAL SCHEMES 


The vibrational schemes for the y and « systems are set out in combined 
form in table 3. The P, heads have been used, as measurements of these 
heads only are available for a few bands, and in most cases it is probable that these 
first heads, being free from overlapping by other branches, yield the most reliable 
measurements. ‘The error introduced by using head measurements instead of 
origins is, for these systems, quite small, as the author’s measurements show 
that the separation between the P heads and the Q heads, which latter must 
coincide very nearly with the origins, is very constant, departing little from a 
mean value of about 20 cm-1; only for the (3, 0) y band (P, 50975, QO, 51001 cm7*) 
does the variation of B with v result in a significant variation of the separation of 
the P, and Q, heads. 

In table 3 the wave-number intervals between the band-heads are printed 
in small type. These intervals should correspond closely to those between 
the vibrational levels, i.e. to AG’(v+4) and AG’(v+4). The approximate 
constancy of these values shows that the scheme is fundamentally correct and 
that the measurements are fairly reliable. ‘The roughly weighted average 
values for AG’(v + 5) are listed in table 4, allowance being made in the averaging 
for the probable accuracy of measurement of the individual bands involved. 


Table 4. _Wave-number intervals between the upper vibrational levels 


Vy” 0 1 2 (3) (4) (5) (6) 
Ue’ ayy c0 1 @) 
AG’ (v+4) «2342 =. 2309 2279 (2162) 2280 2233 2187 


It will be seen that there is a sharp break in these values, corresponding to 
the change from the y to the « levels. It is unlikely that a break of this magnitude 
is due, as suggested by Herzberg and Mundie, to a perturbation, and it must 
be taken as evidence for regarding the y and « systems as separate. This 
receives confirmation from other considerations discussed in the next section. 

It is now possible to derive values for some of the molecular constants for 
the D*2 upper electronic state of the « bands and for the a2X upper state of 
the y bands. ‘The Q, heads of the bands must lie very near the origins, and for 
the (0,0) y band and the (0, 1) < band, which are strong and favourably situated 
for careful measurement, these heads are at 44198-1 and 51418 cm-1 respectively. 
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Using these values and those for AG’ given above, the constants listed in table 5 
are derived. Although only expressed to the nearest cmz!, these should be 
more reliable than any hitherto published. 


Table 5. Molecular constants for the p2 and a2 states of NO 


Vo Ve W, Xe, 
D?x 53293 53083 Pa 23 
A®S 44198 43965 2374 16 


$5) LHE INDENSELY* DISTRIBUTION 


The vibrational intensity distribution among the y and ¢ bands is interesting 
Strips (c) and (d) of the plate show the whole spectrum as obtained with the 
transformer discharge and with the ozonizer-type discharge, and, although in 
rather poor focus at the red end, serve to show clearly the main features of the 
intensity distribution in these sources. 

The intensities of the bands in both sources have been estimated visually 
on an arbitrary scale of 10; dashes, —, are used to denote bands which, although 
favourably situated for observation, are negligibly weak. Apart from random 
errors of judgment in making the estimates, there may be slight systematic 
errors due to the necessity of using a quartz condensing lens in front of the slit 
for the ozonizer discharge, while for the more intense transformer discharge 


Table 6. Vibrational intensity distribution 


(a) Transformer discharge (b) Ozonizer discharge 
\wro eee AL 58 RO, 728 \wro UD 3:5 AS One 7iaeS 
Us Uy Vy’ 
0 3 AO Oe Bes 4 0 STO 10 5 Ose ees 
1 fe Ate ate SRA VSS OD 1 64-4 5 5 4 4 
2 AC ty 2 lees 93) 2 2 Cece cheag—a my es) Uae ase) 
3 Dh FD A Sa a 3 oe al rake Cee 
0 (4) Shap eects) + - - - 
ib KGW) HL 1 od ee 
2 (6) HL 
3. Dy le Me 


H=observed in emission by Hellermann. 
L=observed in absorption by Leifson. 


this was, as already explained, dispensed with; thus, for the ozonizer discharge 
there was a rather long air path, the oxygen absorption in which may account 
for the low intensity of the (3,0) y band in this source; the chromatic aberration 
of the condensing lens may also have the effect of favouring one region of the 
spectrum slightly at the expense of another region. Nevertheless, these esti- 
mates, which are set out in arrays in table 6, give a clear impression of the general 
trends. 

Let us consider first the ozonizer source, as this brings up only the y bands 
v’ 0 to 3), The strongest bands lie on a normal, rather open, Franck-Condon 
parabola. he plate shows strikingly the absence of the (1,2) and (2, 4) bands 
and the presence of bands at (2,2), (2,3) and (3,4), which lie right off the main 
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parabola. ‘To explain these details of the intensity distribution it is necessary 
to resort to a wave-mechanical treatment such as that carried out for the RbH 
spectrum by Gaydon and Pearse (1939). A similar treatment has been applied 
qualitatively to the NOy system by sketching in approximate wave-functions 
and studying diagrammatically the overlap between the wave-functions of the 
various vibrational levels. It is clear that the observed distribution of intensity 
among the bands, as set out in table 6 (4), is in agreement with that to be expected. 
For RbH it was possible to indicate secondary and tertiary parabolae as loci of 
fairly strong bands lying off the main Franck-Condon parabola. For NO, 
however, the potential energy curves come more nearly above each other, and the 
overlap between the wave-functions of the various vibrational levels of the two 
electronic states is less simple than for RbH; and the loci of the bands falling 
off the main parabola form a more complex pattern, which cannot be readily 
represented in a diagram. 

The ordinary transformer discharge shows a very similar intensity dis- 
tribution for the bands of the y system, although the higher effective rotational 
temperature in this source, as already remarked, tends to obscure the heads of 
some of the weaker bands and rather alters the general appearance of the system. 
Apart from this difference, due to temperature, the striking difference between 
the transformer and ozonizer sources is the appearance of the « bands and the 
two 6 bands in the former source. ‘This may be seen by comparison of strips (c) 
and (d) of the plate. 

The bands of the v’ =0 progression of the « system are all definitely stronger 
than those of the v’ =3 progression of the y system, and it is clear from inspection 
of table 6(a) that it would be impossible to explain the intensity distribution 
satisfactorily in terms of one system. If the y and « systems are treated separately, 
then both have a satisfactory distribution, the « system again showing a rather 
open Franck-Condon parabola as locus of its strongest bands. 

This separation of the bands into two systems is supported by the fact that, 
in the ozonizer, only the y bands appear, while the transformer discharge yields 
also the «and6. It would require a wae artificial explanation to account for the 
excitation of vibrational levels up to but not beyond v’ =3 in one source, but 
up to 5 in another source. 

The two 6 bands are definitely present in the transformer discharge, but 
are not very strong. ‘This system requires lower excitation energy than the 
€ system and, since it involves a very similar change of internuclear distance 
during the electronic transition, it might be expected to appear the more strongly 
of the two. ‘The plates show, however, that the « system is definitely stronger 
than the 6 system under these conditions of excitation. It therefore seems 
that the transition c*X* to x#II, corresponding to the 8 system, may for some 
reason be partially forbidden, although the selection rules do not indicate this. 


§6. CONCLUSION 


It is quite certain, from the above discussion of the intensity distribution 
and from the examination of the AG’ values, that the y and « bands of NO arise 
from separate electronic states and not, as suggested by Herzberg and Mundie, 
from normal and from predissociated vibrational levels of the same electronic 


The band spectrum of NO : the gamma and epsilon systems 103 


State. Since the « bands occur in emission from a source at relatively low gas- 
pressure, it follows also that the vibrational levels involved in the emission of 
the « system are not predissociated. 

Whether or not the levels of the y system with v’>3 are predissociated 
remains unsettled. No band with v’4 has been observed, but this negative 
evidence is of little value because it so happens that all bands of the y system 
with v’>¢4 lie in regions of the spectrum which are strongly overlaid by more 
intense y or « bands. Since, however, vibrational levels of the c?X+ state (of 
the 6 system) are known above the predicted positions for the v’ =4 and 5 levels 
of the A®X* state (of the y system), these states being of similar type and not 
very different internuclear distance, there seems no reason to expect pre- 
dissociation for the y system. 

It is uncertain whether the upper state of the « system is 2X+ or 2X-, but in 

either case it seems difficult to reconcile the existence of a stable 2X state with 
levels up to about 59985 cm>1 with a value for the dissociation energy as low as 
the accepted value of 5:29ev. If the D state is 2+ then we have no fewer than 
three #2 + states lying above the normal dissociation products, N(4S)+O(?P), 
the repulsive 72+ state from which should predissociate the observed 2+ states. 
If the D state is 7X~, then we have the difficulty of explaining the existence of a 
stable vibrational level above the ?X~ state resulting from the dissociation products 
N(4S) + OD). 
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DESCRIPTION OF PLATE 


(a) Spectrum of ordinary transformer discharge through air at low pressure. Small quartz spectro- 
graph focused for 2000 a. region. Ilford Q.I. plate. Exposure 1 hr. Copper spark com- 
parison spectrum. 

(b) Transformer discharge. Small quartz focused for 2200a. Q.II. plate. Exposure 5 min. 
Iron arc comparison. 

(c) Transformer discharge. Small quartz. Q.II. plate. Exposure 2 min. 

(2) Ozonizer-type discharge through nitrogen (containing a trace of oxygen) at atmospheric 
pressure. Q.IJ. plate. Exposure 1 hr. 

(e) Transformer discharge. Medium quartz spectrograph. Zenith plate. Exposure 5 min. 

(f) Ozonizer discharge. Medium quartz. Zenith plate. Exposure 1}hr. Iron arc comparison. 


REFERENCES 


Burns, K. and Watters, F. M., 1931. Publ. Allegheny Obs. 8, 37. 

Gaypon, A. G., 1944.. Proc. Phys. Soc. 56, 85. 

Gaypon, A. G. and Pearsg, R. W. B., 1939. Proc. Roy. Soc. A, 173, 37. 

Gaypon, A. G. and Penney, W. G., 1942. Nature, Lond., 150, 406. 

GuItuery, M., 1927. Z. Phys. 42, 1a. 

HELLERMANN, M., 1936. Z. Phys. 104, 417. 

Herzperc, G. and Munoig, L. G., 1940. F. Chem. Phys. 8, 263. 

Hunter, A. and Pearss, R. W. B., 1936. F. Sci. Instrum. 13, 403. 

Knauss, H. P., 1928. Phys. Rev. 32, 417. 

Lerrson, S. W., 1926. Astrophys. F. 63, 73. 

Pearse, R. W. B. and Gaypon, A. G., 1941, The Identification of Molecular Spectra. 
(London: Chapman and Hall). 

Scumip, R., 1930. Z. Phys. 64, 84, 


104 


WIDE-APERTURE APLANATIC SINGLE LENSES 


By L. C. MARTIN, 


Technical Optics Section, 
Imperial College of Science and ‘Technology 


ABSTRACT. This paper represents an essay in “‘ Aspheric surface optics”’. Chrétien’s 
theory of the aplanatic telescope suggests that the theory of aplanatic single lenses can 
be worked out on similar lines. "The polar equation of an aspheric surface of such a lens 
is given in series form, and two numerical examples are studied, one of these being an 
aplanat, the other an anastigmatic singlet free from primary and higher-order spherical 
aberration, offence against the sine condition, primary astigmatism, and curvature of field. 
The shape of the latter lens is, however, predicted by Burch’s “‘ four-plate theorem ”’, 
the results of which (as far as they concern primary aplanatism) are shown to agree with the 
formulae given in the paper. 


§1. THEORY OF APLANATIC LENS 


HRETIEN’S theory of the aplanatic telescope (Chrétien, 1922) suggests 

that the theory of aplanatic single lenses can be worked out on similar 

lines. Figure 1 shows a ray diagram of the telescope, in which 
Chrétien’s notation is used, and a corresponding diagram of the lens. The 
notation used for the latter problem is identical as far as possible, so that the 
formula for the reflection case can be recovered from the refraction case by 
putting » (the refractive index) equal to —1. (See Appendix.) 


(a) (b) 
Figure 1. 


In each case the paraxial focal length of the system is taken as unity. The 
origin of co-ordinates is taken at X’, the principal focus of the system; and a 
ray parallel to the axis of the system, which coincides with the x axis of reference, 
is incident on the first surface at the point I, («, y,).* It meets the second 
surface at I’ and proceeds to X’. In the telescope the distance between I and 
I’ is J; the axial distance between M’ and M is e. These will correspond to 
optical paths of positive sign. The final angle between the ray and the axis is u, 


* x is numerically positive to the left of the origin. 
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The angles of incidence and refraction at the first and second surfaces are i, 7; 
t, r’ respectively (all positive). Then the fundamental conditions of aplanatism 
(as usually defined) are expressed in the lens case by the equations 


(for axial path equality) 


Sa aEOL tO == ( eae ee oe oy eal en ae (1) 
(next for fulfilment of the sine condition, remembering the focal length 
is unity) 
i= Sue alge Waree eet! Oe ioe cae (2) 
The original ray will be parallel to the axis if 
iy a est eet =U ne ee Ee, (3) 
Geometry gives 
=P COSUTICOS(7— 7) § | ake (4) 
Vr=psil ee isin (¢—g)ee ye. ye ake (5) 
The law of refraction gives 
SINGIN Fae Ws ee MN eee eee (6a) 
Sieg SUL ah eee a be Soa (6d) 


This completes the equations of condition. Following Chrétien, the polar 
equation of the second surface with respect to the origin X’ will be written 


| Dai, ee tpt ole Bsa | peo (7) 
so that . Daag ap 
tan?’ = Gh mire Mar eae (7 a) 


It is necessary to eliminate x, yj, /, 1’, 7’, r and z, leaving a relation between p 
and u in which the following quantities may enter as constants: po (i.e. the value 
of p for u=0), e and p. - 

Following Chrétien, eliminate 7 and y, from (5) with the aid of (3) and (2): 


Sin —=pSin i (Sul (t,t) gfe Ol antics (8) 
Combine (1), (4) and (3), giving 
(u—l)e=p(1 — cosu)+l{ — cos(r’-i’—u)}. a. (9) 


Eliminate / between (8) and (9), giving 
. -[ # — cos(r’—2' —u) 
(u—le=p(1 ~ cos) —(1=p)sini | #9]. Sea eee (9a) 


A solution will be possible if z’ can be eliminated between equations (9 a) and (6), 
and the result of this used with (7 a) to eliminate r’; but the expressions are more 
complex than in Chrétien’s formulae, and the same methods cannot be applied. 


Re-write (9a) 
pulp —1]sinu = sin €[(u—1)ecosu — sin?u+p(1 — cosw)] 


— cosé[(u—l)esinu+ sinucosu—psinu]. —....-. (10) 
where feta EO eT es erg ee on RL (11) 
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Let tay =f, 


t 
hen sin £= tal {i+ (1-5) e} -*| Sate (12) 
and cosg = a {1+ (1- “) a =|. Sulseee (13) 


If a series expression is assumed for equation (7), 1.e. 


P= poll + an? + au" + ae ete], a Pee (14) 


we can find the corresponding coefficients of the powers of u in the expansion 


Pan 7 ee = bu +.b,u° bu? ete: ees (15) 
p du 

There remains only a somewhat lengthy algebraical process in order to 
expand both sides of equation (10) as series, in powers of u, in which the desired 
eliminations have been completed. By equating successive coefficients it is 
then possible to find explicit values * for ay, a4, ag etc., although the amount of 
work involved in determining them rapidly increases with the order of the term, ~ 
and the calculation has not been carried beyond ag. ‘The following results 
appear :— 


pore! : (16) 


2 eee 
2(1-=)¢ 
pe 


_ (eote—lPe(ut)) (eo te—1)*u 


‘< 8(u—1)?  S(u—le? | 
(po te—1)u{(1—p)e+3(u+1)} os {ie 3 (17 
2A( a — 1)e B(usaD)te 2 bie eee 
_ ah (2-1 )pp + 8 + (u— le} wa 2 } a5 
; 72(u— Ne ~ be 3 1 (p=) eaeae 
1 
+ Fo [ (FE) te 1+ poh +41 pe) — ue De | 
2) Fn (BINS (EVs lel x, Sea ee 
F2(% X ! +} | = aqctiyetov@—w-4-200 194 
ee eg et 
+ a, [ity Flr L(t) | + 
ata a a Bent (18) 


Checks on the accuracy of the expressions for a, and a, appear in the work 
‘below. In the case of ag, a further check was obtained as follows The numerical 


* A calculation on the above lines was first carried out in 1935 by Dr. C. R. Burch and shown 
to the present writer, who had occasion to design a singlet aplanat during the winter of 1940-41, 
The calculation was cheverare revised and extended for the purpose as far as the determination 
of ag. References are made in the literature to a paper by Linnemann (1905) which the present 
writer has not been able to consult, but according to Gleichen the formulae developed therein are 
applied to lenses of apertures up to #/2, 
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value of this coefficient was calculated for the lens cited in the second example 
below, using the formulae just given; then if we express (10) in the form 


A=Bsiné + Ccosé, 


it is possible to express A, B, C, sin€ and cosé all as power series in wu, and if 
we use the proper values of a, and a, a check numerical equation for a, is obtained 
by equating the coefficients of u> on the two sides of the expression (19). 
Additional checks have been obtained by working out optical path differences, 
etc., in cases where values of ag, other than that suggested by the formula, have 
been assumed. See also Note regarding Chreiien’s formula at the end of this 
paper. 


§ 2. NUMERICAL EXAMPLE I (DOUBLE CONVEX APLANAT) 


The following values were assumed for the first calculation: 
p=1-5, Po Ore e=0-4 
(remember that the focal length was assumed to be unity); then calculation of the 
coefficients gave 
a,=0-750, a,—0°734, fig=1:725. 


The next step was to calculate, for various values of u, the corresponding 
values of p which determine the shape of the back surface, supposing the series 
for p to contain the above terms only. A check on the aplanatism is then obtained, 
as follows. Using equation (7 a), the values of r’ and 7z’ are obtained numerically 
for each value of u, and hence the slope U of the ray (inside the lens), which is 
supposed to be traced backwards from the origin through the rear surface. 
If y, and y, are the heights of intersection of this ray in the front and rear surfaces 
respectively, we should have (if the sine condition is fulfilled, see equation (2) 
above) 

yy = sin 4, 


and since Yo = psinu, 
Yi-Y2 = (1—p) sin wv. 
The length of the path inside the lens should then be 


m2 


[pease s. 


singe 
and this value i J should result in fulfilling the optical-path equation, 
SWE tp ==(p Le 2 he aati (20) 


For this we calculate 
x=p cos u+lcos U 


and obtain the following values for the left-hand side (L.H.S.) of (20), using 
six-figure logs: 
u (radians) 0-0 0-1 0-15 0-2 0-25 
[irda Be §:2000=- 071997, -0:1999 0:1996 00-1990 
8-2 
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The calculation for 0-1 radian is somewhat subject to numerical inaccuracy, 
but the agreement indicates that if the ray path fulfils the sine condition it will 
then (very nearly) fulfil the condition of constant optical length. The aperture 
reached for 0-25 radian is nearly f/2. However, the use of a series with only 
four terms can hardly be expected to give results which are adequate for such a 
large aperture. 

The tendency appears to be for the successive coefficients of wu to increase, 
so that the convergency of the series for p is weak, and this is especially the | 
case for the series for 7’. A drawing suggested that a term in w§ (actually © 
9-52u8 was tried) might improve matters. Taking w=0-25 radian, the L.H.S. 
came to 0-2006, the correction now being overdone; a nearer approach was 
made with terms of 4-71u8 and 75u!°. ‘The series is now 


p=0-8[1 +0-75u? + 0-734u4 + 1-725u8 + 4-71u8 + 75u"]. 


The shape is suggested in figure 2. Graphical trials showed that the form 
of the aplanatic lens would be such as to find its limiting aperture when the 


Figure 2. Aplanatic lens. 


1efracted ray has grazing emergence; this would mean an infinite value for 
tan 7’, and the series would have to be divergent; series of the above type are not 
applicable. 

Numerical trials for the form suggested above were made by calculating 
the path length / inside the lens which would yield a constancy of optical path 
(complete elimination of spherical aberration); hence the value of y, and the 
corresponding offence against the sine condition (OSC) were calculated. 


u 0-25 rad. 172 20. Mics) 250 
l 0:3433 0:3200 0:2883 0-2550  —0-2185 
OSC _0-:00064 ~=0:0064 ~=— 00050 —0-0103 +0-0068 


It appears that only a rough approximation to the shape of the truly aplanatic 
lens has been found for the larger angles, but the ideal shape will probably not 
be very different from the above. In comparison with the above, semi-aplanatic 
lenses can be designed with one spherical and one aspherical surface which — 
can be given very high apertures, up to w=35°, without an offence against the — | 
sine condition exceeding +0-014. Within its limitations, however, the lens |} 
described above has the aberration under better control. a 
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§3. NUMERICAL EXAMPLE II (ANASTIGMATIC SINGLET) 


A recent paper by Burch (1943) has given formulae, based on the “‘ see-saw 
diagram”’, for the design of anastigmatic singlet lenses. The notation used is 
as follows :— 


Radius of first surface = p Thickness of lens = d 
3 Pe yee oss Refractive index =n 


In order to secure a zero Petzval sum, R=p; and it is shown in the theory 
that there are in general two solutions for a value of d/p which will make the 
singlet lens aplanatic and anastigmatic. as far as the primary aberrations are 
concerned, for an object plane at an infinite distance. In particular there is a 
critical value of n, viz. 1-602, for which the two solutions coincide, and this is 
the lowest refractive index for which a solution is possible. In this case itis 
shown, 

Bee eI io07 
p  2n(n—-1) 

It was thought to be of some interest to compare the predictions of this 
theory with that set out in the earlier part of the present paper, since the 
anastigmat should be aplanatic into the bargain. First the radii and thickness 
are calculated for a lens of unit focal length. Writing F, and F, for the powers 


of the two surfaces, 
F,=0:602/p and F,=—0-602/p, 
and putting the power F of the whole system equal to unity, i.e. 
F=1=F,+F,—F,F,d/n, 
we find fey est Das aly 
and d=0-41167. 


A paraxial ray trace gives the position of the intermediate image (distance from 
pole of first surface =1,’) as 


fo 061210 
and of the final image (distance from pole of second surface =/,’) as 
i,’ =0-49307. 


The four-plate theorem of the paper by Burch allows the necessary 
“ fiouring”’ to be calculated for each surface, the actual amounts (the glass thick- 
ness to be added in each case) being 


ik ue uting = 15: 12.4%, 
<p fouring=—(0-653.17, 


where f is the distance from the axis. 
Given the thickness and the image distance from the second surface, the 


analytical formulae given in the early part of this paper allow the figure of the 
second surface to be calculated independently, as given by the polar equation 


p=pol1 + aqu? + aut + agu®+ etc.]. 
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Putting in the required values in the formula for dg, etc., 1.e. 
p=1-:602,.: e=d=0-41167, and py» =i, =0-49307,; 
we find 
ay = —0:30789, a,= —2:12401, a,= —6-508. 
Since from the above series the axial radius of curvature R of the second 
surface is 


Po 
i= 1 2ay? 2 te ee (21) 
and numerical computation gives the value of 0-30517, this checks the axial 
shape of the lens predicted by the four-plate theorem. 

To estimate the primary figuring, i.e. the departure from a spherical surface, 
we require the polar equation of a circle of the above radius with respect to the 
same origin, i.e. the focus. Putting D for the distance of a point on the circle 
from this point (figure 3), we require the coefficients A and B in the equation 


“D=0-49307 + Au? + Ba + etc eee (22) 


Circle 


Figure 3. 


Writing r for the radius of the circle, we have 
Dsinu = rsind, 


Dcosu = rcos¢+py)—7, 


where ¢ is the angle between the radius vector and the axis. In this case 
Dsinu =0-30517 sin 4, 
D cos u—0-18790 =0-30517 cos 4, 


whence, on squaring and adding, 
D? — 037580 D cos u + (0-18790)? — (0:30517)2 =0. 


Expanding in powers of u, and equating the coefficients of successive terms to 
zero, we get the values of A and B in (22), and hence the polar equation of the 
circle, in the form 


D=0-49307 — 0-15183u? + 0-02162u*+ etc. 
The corresponding equation of the aspheric surface being 
D=0-49307 —0-15183u? — 1-0473ut—3-209u®—etc., ...... (23) 


it is seen that the thickness of glass to be added is 1-0689u*. The thickness 
predicted by the four-plate theorem is 


18-12h4 = 18-12(0-49307)4u4 (approx.) = 1-071u4. 
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This seems a satisfactory check in view of the inaccuracies which may arise in 
rather long numerical work. 

Check on aplanatism of the second lens. The aplanatism of this second lens 
was checked in exactly the same way as the first, i.e. by assuming the fulfilment 
of the optical sine condition and calculating the relative optical paths. Referring 
to equation (20), the relative values of the left-hand side (L.H.S.) for a number 
of values of w were computed as follows :— 


u (radians) 0-0 0-1 0-15 0:2 0-25 

URS Se 0-24784 0:24790 0:-24800 0-24849 0-25148 

(Amended : 0):24784 0:24766 0:24797 
see below) 


The residual errors in L.H.S. are consistent with the probable effect of the 
missing term in uv’ and higher. In searching for likely values of these, numerical 
trials led to the following series as a compromise: 


p = 0-4931(1 —0-30789u? — 2-1240u*—6:712u®—51u8), 9... (24) 


from which the ‘“‘ amended” values were calculated. The lens is thus, of course, 
still imperfect, but it should be approaching the shape in which it is free from 


Figure 4. 


spherical aberration of the first few orders, from offence against the sine condition, 
and from primary astigmatism. Without going into further efforts to secure 
the exact formula on paper it was considered of some interest to submit the 
design to ray-tracing. For this purpose a few methods were examined, and 
they have been described in a contribution to a discussion (Martin, 1943). In 
figure 4 the two surfaces of the lens have been extended somewhat further by 
graphical trials. 

In the first place, however, the exact value of the figuring to be assumed 
for the first surface must be settled. ‘The value derived from the four-plate 
theorem is based on primary spherical aberration only; in practice it would be 
better to modify the numerical coefficient so as to obtain a compromise “‘ h*”’ 
figuring which would be suitable for a ray having a final wu of medium amount; 
the ray u=0-15 rad. was, therefore, traced backwards; it should emerge with a 
height = 0-149437. If the figuring (f) of the original estimate (f=0-653h*) is 
correct, the inclination between the surface and the arc of the ‘“‘ 0-3052”’ circle 


at that height is 
a = 2.6133h8=0-00872 radian, 
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The ray can thus be traced out into air; it is found to be converging towards 
the axis by about 59’. A few numerical trials showed, however, that a figuring 
of 0-683h4 would bring it out practically parallel to the axis. This value was 
assumed for the front surface as a whole, the back surface being represented 
Sby(24): 


§4. RESULTS OF RAY TRACING 


Results may be quoted for anastigmatic fans in connection with two rays, 
nos. 1 and 3, incident at the pole of the first surface; also for a group of three rays 
(2, 3, 4) parallel to each other in the object space. (See figure 5.) 


Figure 5. Ray traces in anastigmatic singlet. 


The symbols employed to express the results are as follows :— 
U, initial angle between ray and axis; 
U,' final angle between ray and axis; 
Sy, tp distances of sagittal and tangential foci from last surface; 
D,, D, distances of sagittal and tangential foci from axial focal plane; 
; H intersection height of ray in axial focal plane. 


Astigmatic fan (object distance: infinity) :— 


Ray U, V1 V2 U,’ So" te’ D, D, 
1 —10° 49’ 20” 0 0:0491 —17°17' 56” 0-5176 0-5428 0-007 0-032 
3°° = "7° 30’ 0”. 0 0-0338- =11°36' 12”  0:502~ ~0°507> ~0:000)- 0-003 


Ray U, Mit Ye U,’ H 
2 —7° 30’ 0” 0-1 0-0801 — 6° 40' 15" 0-13649 
3 e7 > BUCO” 0:0 0:-0338 —11° 36'12"” 0-13469 
4 —7° 30’ 0” —0-1 0-0171 —17° 6’ 0” = _0:13447 


The correction of coma, astigmatism and field curvature is thus seen to be 
reasonably good over a semi-field of about 7° 30’, when the lens works at £753 
Beyond this, the higher-order terms in coma and astigmatism represent a rapid 
deterioration. ‘The spherical correction is, of course, practically complete up to 
large aperture, but the fulfilment of the sine condition eliminates only those 
terms in the coma expression which depend on even powers of the zonal radius 
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and the first power of the image height. It may be worth recalling that, as far as 
the primary aberrations are concerned, the anastigmatic correction is now 
independent of the stop position. 


APPENDIX 


Note on comparison with Chrétien’s formula 


Chretien gives the following formula representing (in his notation) the polar 
equation of the small mirror :— 


ipso l-—m 1—m\2 E 
f=1+(14 : Jer {(is - y- xh 
Lye I ~ 
+{(14 ") -i (1+! *) — Ge bes etc., 
e e e 6e? 


where mis the distance of the focus from the apex (p, in the present paper) and 


t = sin?(u/2). 


Putting 
Waele (2/2) s(t) 2)° 
De a Wake: DCM Pate lsat 


we readily find 
i uP l-m mligcls SHON wow lal edt l—m 
Pais (t+ e ) +0 E- ni e . 48 he e 
Piel i LG 1 US Nia lee ad qe pal: 
Bical G4 Pere MCE ATES ie 66? 96 mize 
+ apt ia at 


or 2 =1+aju? + aju+ agus + etc., 
lt+e—m 
= 
where i Tee ra 
ryt ea 


wipes eee nag aes te ze) 
Ao= fa 6 14213607 Ibe] 384\ 28) 


It involves only straightforward, though rather long, algebra to show that, on 
putting n= —1, and also substituting —e for e (so as to make the optical path pe 
positive) in equations (16), (17) and (18) of the present paper, the values of the 
coefficients agree with those above, as they should. This constitutes an additional 
check on the accuracy of the expressions. 
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TRACING SKEW RAYS THROUGH SECOND- 
DEGREE SURFACES 


By Instructor-CapTaIn T. Y. BAKER, F.Inst.P., R.N., 
Leicester 


MS. received 8 August 1943 ; in revised form 5 Fanuary 1944 


the tracing of rays which lie in a meridional plane, and many optical 
designers do not attempt the task, but hope that if they have designed 


213) 


Ts tracing of skew rays is necessarily a more laborious business than 


the system so that a number of rays “‘ in the plane ”’ all cut the image plane in 
the right place ali will be well. This is not theoretically justifiable, and at least 
one ray passing through ‘3 o’clock”’ in the aperture stop should be traced 
through the system. The method is straightforward, but passage through each 
surface must be reckoned to require at least three times as long as for an 
ordinary ray. 

The ray is most conveniently defined by the co-ordinates of some point 
through which it passes and its direction-cosines—that is to say, the cosines of 
the angles which it makes with the axes of reference. In the work which follows, 
these axes, of which Ow lies along the optical axis, are shifted from surface to 
surtace as they are successively dealt with. For the direction-cosines I prefer 
to use cos 0, sin 8 sin ¢, sin 8 cos ¢, so that 6 is the angle that the ray makes with 
Ox and ¢ the angle between the plane containing the direction of the ray and 
Ox and the plane xOy. The point on the ray to which reference has been made 
is usually the point of intersection with the previous surface with the x-co-ordinate 
modified to take account of the shift of axes from one surface to the next. The 
6 and ¢ remain unaltered during this shift. 

The process of computation involves 


(1) determination of co-ordinates of the point where the ray cuts the 
surface ; 


(2) determination of the direction-cosines of the normal to the surfac 
at this point; : 

(3) the refraction equation ; 

(4) determination of the direction-cosines of the refracted ray. 


If the surface is spherical (2) is shortened; in fact for spherical surfaces 
one can evolve a trigonometrical technique which avoids all mention of direction- 
cosines or of the equations of the rays and surfaces. With non-spherical surfaces 
I do not think either point can be avoided, and since the numerical work is not 
appreciably longer than the trigonometrical trace of skew rays when the surface 
is spherical, I prefer to have one scheme that will cover all cases. 


Let «, 8, y be a point on the ray and 0, ¢ its direction. Then for all points | 
along the ray 


(x —a)/cos 8=(y —f)/sin 6 sin $=(z—y)/sin 0 cos g. ...... (1) 
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The equation of the surface is 
“2 +2%2—?2rx — px". Ghioo oe (2) 
From (1) we obtain 
y=f+tan @ sin d(x —«) 
and s=y +tan 0 cos d(x—«). 


Substituting in (2), we obtain 


x*(p + tan? 6) — 2x{r + tan O(a tan d—B sin d6—y cos ¢)} 
+a? tan? 6+ 62+ y?— 2a tan 6(B sin d+y cos ¢)=0, 


or x*(p + tan? 6) —2x{r + tan O(« tan @—f sin d—y cos 4)} 
+(a tan @—f sin 6—y cos ¢)?+(B cos d—y sin ¢)?=0. 
REAR eee aN the. On? Wesiee: (3) 
~The coefficients of «2 and —2x and the constant term have to be numerically 
evaluated, and the form (3) of the equation is one which, in my opinion, is the 
most suitable for logarithmic computation. It will be observed that the 
logarithms required in 8 cos $—y sin d have already been used in 


« tand—fB sin d—y cos ¢, 
which expression occurs twice in the calculation. 
; Take,” as- an example, «=—25-702, B=14-710, y=3-146, 0=9° 14’ 26”, 
B06 =27° 18’ 14", p= —4-27 and r=123-0 


log (—«) 1-409967 log B 12167613 log y* | -0-497759 
log tan @ 9-211364 logsind 9:-661538 logcosd 9-948700 


~0-621331 0-829151 0-446459 


log tan?6 8-422728 logBcosd 1:116313 B cos ¢ 13-0711 
tan?@ 0-02647 logysind 0:159297 ysing 1-4431 


p —4-27 — 
iia Fe nee Diff 11-6280 log Diff 1-065505 
— 4-24353 
#tan@ —4-1815 (Diff)?135-210 2-131010 
log tan 0 9-211364 —f sin d —6-7476 log Sum 1-137500 
log Sum 1-137500 —ycosfé —2-7955 
—2-233 0-348864 Sum —13-5246 (Sum)?188-365 2-275000 
123-000 sey 
Bere tes 323-575 
120-767 


’ The quadratic equation is, therefore, 
—4-24353x2 — 2x x 120-767 + 323-575 =0. 


The method that I use of solving this quadratic is one depending on a certain 
| set of logarithmic tables which need a little. explanation.¥ ‘The smaller root of 


* See Appendix. 
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the equation ax?—2bx+c=0 is (b—Vb?—ac)/a or (b/a)(1—V1—ac/b*). If 
ac/b? is called X and a table of log (1 — V/1—X), tabulated in terms of log X, is 
available, then a great deal of time can be saved in looking out logarithms. 
I have now tabulated this function for values of log X, when X is positive, lying 
between 2-700 and 0, giving a range of values of X from 0-0512 to unity (above 
which the roots are imaginary). For negative values of X the value of 
log (V1—X-—1) in terms of log(—X).is tabulated from log (—X)=2-700 to 
log (—X)=1-000, i.e. values of X from —0-0512 to —10-000. For numerically 
smaller values of X than 0:0512 an approximate method of solving the equation 
gives the required accuracy in the result very quickly. For instance, the 
equation x2—10x+1=0 has a value for ac/b? of 0-04. The equation can be 
written x=0-1x2+0-1. As a first approximation x=0-1. Using this value 
in the right-hand side we get, as a closer approximation, x=0-:101. Now 
make use of this new value on the right-hand side and we obtain x =0-10102, 
and any further approximation will not alter the first five figures. 

In the original equation there are four possible variations of sign among 
the three terms, since the last one can always be made positive, if necessary, by 
altering the signs of all three terms without affecting the values of the roots. 
The second term can be either positive or negative, but a change from one to 
the other is merely equivalent to a change in the sign of x without alteration of 
its magnitude. It will therefore be regarded always as a negative term (i.e. 
b positive), and where this is not the case the solution will have its sign changed. 
The practical possibilities thus reduce to two, viz., whether a is positive or 
negative, and these two correspond to the two parts of the table. 

In using this table we write down first of all the logarithms of a, 6 and c. 
For the numerical equation we have found above these are 


log a 0-627727  logb 2-081948 loge —_2-509975 
log bla 1-454221 log c/b _0-428027 
2-662898 log ac/b? 2-973806 


Oat T7119 


We get log b/a and log c/b by subtracting the first log from the second and 
the second from the third. Log ac/b* is obtained by subtracting these differences. — | 
Entering the negative table with the value 2-973806, we obtain * from the 
table 2666898. Adding this to log b/a, we find log x=90-117119 or x =1-3095. 
If the other root of the equation were needed it could be found by subtracting 
the tabulated value from log c/b. 

We are now able to evaluate y and gz. 


* The following is a short extract from this table :— 


0 1 2 3 4 5) 6 7 8 9 
2-971  3-660152 0250 0348 0446 0544 0641 0739 0837 0935 1033 
972 1131-1229 1327- 1425 - 1523 1620. 1718 = 1816. 19149012 
973 2109 2207 2305 2403 2501 2598 2696 2794 2892 2990 
974 3087 3185 3283 3381 3479 3576 3674 3772 3870 3968 


2975 4065 4163 4261 4359 4457 4554 4652 4750 4848 4946 
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x—a%=27-:0115 log(x—«) 1-431549 141549 ee loo Ostl7 113 
log tan 6 9-211364 9:211364 logp 0-630428 
log sin d 9:661538  logcosd 0-948700 ———— 

— ———— 0-747541 
0-304451 0-591613 
2-0158 Spec 9049 5917. 
B 14-710 y 3-146 — 123-0000 
y = 16-7258 = = 7-0509 — 128-5917 


Thus the point of intersection is 1-3095, 16-7258, 70509. Included in the above 
figures is the calculation for px—r, which will be required, as shown in the 
succeeding paragraph, for the determination of the direction-cosines of the 
normal at the point. 

The point where the ray cuts the surface has a normal lying in the direction 
for which the direction-cosines are proportional to px—r, y and g, that is to say, 
to —128-592, 16-726, 7-051, or rather to 128-592, —16-726, —7-051, since it is 
a convenient convention to keep the x direction-cosine always positive. This 
statement applies to rays of light as well as to normals to refracting surfaces. 
Both will then be considered to make acute angles with the optical axis. If 
6g and ¢g are the corresponding values for the normal, 


sin 0g = V(6-726-4 (7-501) V 128-592) + (16 TIO SOL, 
tan dg= 16-726/7-051. 
The calculation work for these angles is below: 
log 128-592 2-109214 logel6:726°91-223392 log 7-051 0-848251 


16535-97 4-218428 279-76 2:446784 49:72 0-696502 
329-48 49-72 
16865:45 4-226998 329-43") 27517829 
27113499 1-258914 


log sing  9-145415 
log tand¢dg 0:375141 
Gopal 4 oe oe r—=.0/ 8630 aor 24/79 30%. 

Some computers might prefer to use Barlow’s Tables for the squares of the 
various quantities, but I have found that the interpolation necessary is trouble- 
some and productive of errors. 

If the computation had been in the meridian plane the angle of incidence 
would have been 6g —4, since the three directions, viz. incident ray, normal and 
optical axis, are co-planar. With a skew ray, however, these three directions 
are not co-planar, and it becomes necessary to solve a spherical triangle instead 
of doing a simple subtraction. 

In doing this we are concerned only with the directions of the ray, the normal 
and the optical axis, and it is convenient to look at these directions as radiating _ 
from the centre of a sphere at which the eye is placed. The three directions cut 
the sphere in three points, forming a spherical triangle which has to be solved. 
In order to make the diagram easier to draw, think of these three directions 
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extended beyond the surface of the sphere as far as the tangent plane at the 
point where the optical axis cuts the sphere. The spherical triangle will now 
be represented by a plane triangle which, however, has not the same angles as 
the spherical triangle, nor are its sides drawn to any definite or uniform scale. 
But it is worth while constructing this triangle with reasonable accuracy, since 
it enables a check to be kept on the trigonometry of the solution of the triangle, 
to “bowl out” any definite mistakes and to keep tally of the signs of the various 
values. 


The whole scheme can best be appreciated from the numerical example — | 


that is being worked out. The point O represents the direction of the optical 
axis. The incident ray I is defined by ¢ = 27° 18’ 14’. If the radius of the 
sphere had been taken as unity, then the actual length of OI would have been 
tan 6, i.e. tan 9° 14’ 26’’= 0-1627. The direction cosines are proportional to 


128-592, —16-726, —7:051. ‘The last two being both negative, the point G 
will lie in the south-west quadrant and OG is tan 8° 2’ 4’=0-1412. The 
value of ¢g is 247° 8’ 30’, as shown in the diagram, and the angle yON is 
67 2830'S 

On the sphere the points I and G have to be joined by a great circle. This 
is represented in our diagram by a straight line IG, and the direction I’ of the 
refracted ray will be found in this line at a point where 2 sin Gl=n’ sin GI’. 
The solution of the spherical triangle therefore involves (a) determination of 
the angle GI and thence, from the refraction equation, the angle GI’ and (d) the 
determination of the angles OI’ and yOI’, which give the direction cosines of 
the refracted ray. . 

In order to carry out the numerical solution we need the values of the refractive 
indices, and these we will take to be m=1 and n’ =1-5180. 

The evaluation of 6’, 6’, which determine the direction-cosines of the refracted 
ray, I’, requires the use of two standard spherical-triangle forumlae. In any 
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spherical triangle in which the sides are a, b, c and the angles A, B, C, one 
standard relationship is sin a/sin A =sin b/sin B=sin c/sin C. These equations 
are suitable for logarithmic computation. The second standard formula gives 
the cosine of one side when the other two sides and the angle between them 


are known. One such formula for the determination of a when 5, c, 4 are known 
is 


cos a = cos bcosce + sinbsinc cos A. 

This formula is not suitable for logarithmic computation, and it should be 
noted here that the evaluation of an angle from its cosine or its log cosine is not 
desirable if accuracy is necessary and the angle is likely to be below 25°. Using 
six-figure logarithms, a variation of 1” in the angle corresponds to a variation 
of one unit in the sixth place when the angle is 25°. For smaller angles, if 1’ 
accuracy is required six-figure tables are inadequate. If, however, the com- 
putation formulae are modified so that the angles are derived from their log sines 
rather than from their log cosines, then six-figure tables are good enough for 
angles up to about 60°. It is this question of accuracy that makes it preferable 
to compute Og from its sine rather than from the more obvious formula for the 
cosine. ; 

The standard cosine formula is modified as follows: 

cos a = cos b cos c (cos*4.A + sin?4A)+sin 6 sin c (cos? 4A — sin? $4) 
= cos (b—c) cos?4A +cos (b+c) sin? 4A, 
whence 
sin*ta = sin?4(b—c) cos?4A + sin?4(b+c) sin?4A. 
Used in this form, the standard cosine formula is easy to work numerically. 
All terms are positive and no sign convention is needed. 

The exact way in which the numerical work is put down lies with the 
individual, but one or two tips that I, personally, have found economical in 
the amount of figures to be written down may be of interest to others. In 
computing 4(b+c), which is the mean between 6 and c, both positive angles, 
I find it a very simple matter to write down the answer direct from left to right 
without adding the two angles and dividing by two. It requires a little practice 
to acquire this habit, but it is well worth the effort. Having obtained $(b+c) 
in this manner, $(b—c) is found by subtracting the smaller angle. 

Another tip is to write down log sin?$(b—c), etc., directly from the table 
of log sines, doubling the values as one takes them out. If one has a table of 
log sines to seconds there is no difficulty, though interpolation requires care. 

A third tip in connection with this formula is that we obtain a numerical 
value for sin?4a. By subtracting this from unity we obtain cos*da. If we 
take out the logarithms of these two numbers and put down the mean of the 
two logarithms we get log (sin $a cos $a) ; adding 0-301030, we get log sin a, which 
we need in the refraction equation, and a itself need not be looked out. 

The angle GOI has to be calculated from the known directions of ON, OG 
and OI. I prefer to have no sign convention for this kind of computation, but 
to rely on a diagram and common sense. 

The sequence of operations for the determination of the direction of the 
emergent ray is as follows: (1) find the log sin GI by the cosine formula as 
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detailed above; (2) find G from the sine formula sin G =sin GOI sin OI/sin GI; 
(3) determine GI’ from the refraction equation sin Gl=n' sin GI’; (4) find 
OI’ from the cosine equation using the two sides GO, GI’ and the included 
angle G; (5) find GOI’ from the sine formula sin GOI’ =sin G sin GI’/sin OY; 
(6) determine 4, the angle yOI’. 

The numerical work required for this computation is given below, without 


any further explanation. The figures are all that are needed in a numerical 


computation. The reader should have no difficulty in following them. 
67 8 30 9 14 26 
2718214 Cue 
39 50 16 8 38 15 2353238 0°36'11” 4-044454 
140 9 44 1946419 1-064764 
70 452 = — 
2-299657 0-01993686  5-109218 
000001286 
9-806598 0-01994972 2-299937 
9-205691 0-98005028  1-991248 
0-553378 —— 
dee 1-145592 
9-565667  G 21 3458 0-301030 
4G 10 47 29 log sin GI 9-446622 
~ 0-181272 
10 36 58 log sin GI’ 9265350 
Sue2ar4 
9 19 31 2-419240 1°17’ 27" 4+-705422 
2-544768 1-984501 
4-964008 0-000920466 4-689923 
0000489692 
9-565667 0-001410158 —3-149268 
9-265350 0-998589842 1-999387 
1-124643 2574327 
——— 0-301030 
9-955660 115,27. 8 ee eat 
67 8:30 log sin OI’ 8-875357 
182 35 38 
go’ = 2° 35’ 38” 6’ = 4°18" 15” 


This completes the calculation except for the transference of co-ordinates 
to the new set of axes. We started with a ray through —25-702, 14-710, 3-146 
in direction (0, 4) 9° 14’ 26’, 27° 18’ 14” to meet the non-spherical surface 
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p= —4-27, r=123-0, and find that it cuts the surface at 1:3095, 16-7258, 7-0509, 
and that the refracted ray, if the initial refractive index is 1 and the final 1-5180, 
has direction 4° 18° 15’’, 2° 35’ 38”. 

There is no hope of tracing skew rays at anything like the speed with which 
“in the plane” rays can be traced. The beginner will find that one per hour 
is not bad. When he is expert he might halve that time. 

It is not necessary to trace nearly as many skew rays as plane rays. One 
refractive index is usually sufficient, and the ray which cuts the aperture stop 
at “3 o’clock”’ should be chosen, using something between the full aperture 
and 0-8 of the full aperture. A skew ray with these characteristics should be 
traced for at least two positions in the field, say at full field and 0-7 of full field. 

In cases of photographic lenses, where the actual stop is inside the lens, 
_ the position of the image of this stop in the object space should be calculated by 
paraxial equations and the ray-trace started from this virtual stop. 


eto Pale Ne DbEx: 
Tables for solving quadratic equations 


The equation ax? — 2bx +c =O has roots (b + Vb? — ac)/a or (b/a)(1 + V 1—ac/b2). 
The log of the smaller root is log (b/a)+ log (1— V1 —X), where X stands for 
ac/b®. The log of the larger root is log (c/b) — log (1— V1—X). 

In these tables log (1 — V1—X) is tabulated with log X as argument. The 
tables are in two parts, A and B corresponding to the cases of the roots being 
of the same or of opposite signs. If the coefficient a be made invariably positive, 
table A must be used when c is positive, table B when c is negative. If 6 is 
positive, both roots are positive in case A, and the larger root positive in case B. 
If 5 is negative, both roots are negative in case A, and the larger root negative 


in case B. 
Owing to the difficulties of getting new tables published at the present time, 


it has been suggested that a skeleton table would enable anyone interested to 
fill in the gaps for himself. The number of entries necessary to cover the case 
of linear interpolation is too great, but from the following 92 entries the full 
tables of 13,000 entries in A and 23,000 in B can be compiled by ‘“‘ mean second 
difference”’ interpolation with an accuracy of about two units in the sixth place. 
As binary interpolation is much easier to carry out than a decimal subdivision 
when second and third differences are involved, the key entries are given at 
intervals of 64, 32, 16, 8, 4 or 2 units in the argument to ensure that in the first 
interpolation the error by the mean second-difference method shall not exceed 
two in the sixth place. For the last little bit of table A, where the roots are 
very nearly equal, this method of interpolation is no longer effective. 

The following are the rules for ‘‘ mean second-difference” interpolation :— 
Write down in a vertical column the key entries, leaving sufficient space for 
the intervening entries. In the next vertical column put down the differences 
between successive key entries in the first, taking care that each first difference 
4 isona level half-way between the corresponding entries in the first column. Now, 
1 in a third vertical column, put down the second differences, 1.e. differences of the 
first differences. ‘These will be found to lie on the same levels as the key entries. 
In the second-difference column, half-way between the key entries, put down 
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the mean of the second differences, one above and the other below. _ If one-eighth 
of this mean second difference is subtracted from the mean of the two key entries 
it will give the correct tabular entry for the first column and should be written 
down there. In this way the first binary subdivision is carried out. For the 
next ‘‘ middling”, as the process is called, the mean second difference is first 
put down in the third column, whilst in column 1 is entered the mean of the 


Skeleton for table A 
To be used when the roots are of the same sign 


2-636 3-339745 1-436 1168194 1-908 1-750566 
3-700 3-404516 1-468 1-203093 1-916 1-763908 
3-764 3-469417 1-500 1-238284 1-924 1-777663 
3-828 3-534468 1-532 1-273805 1-932 1-791901 
3-892 3-599697 1-564 1-309702 1-940 1-806712 
3-956 2665132 1-596 1-346028 1-948 1-822218 
1-020 3-730814 1-628 1-382849 1-956 1-838595 
1-084 3-796787 1-660 1-420243 
1-148 3-863111 1-692 1-458316 1-960 1-847183 
1-212 2-929851 1-724 1-497191 1-964 1-856096 
1-276 2-997094 1:968 1-865386 
1-340 1-064949 1-756 1-537040 1-972 1-875133 
1-404 1-333556 1-772 1-557397 1-976 1-885437 
1-788 1:578088 1-980 1896444 
1-804 1599157 
1-820 1-620656 1-982 1-902278 
1-836 1-642649 1-984 1-908386 
1-852 1-665216 1-986 1-914816 
1-868 1-688461 1-988 1-921643 
1-884 1-712521 
1-900 1-737582 


Fe 0-000 0000000 
Skeleton for table B 
To be used when the roots are of opposite signs 


2-636 2-330358 1-532 1-197997 0-364 1:913765 
3-700 2-393626 1-596 1-257370 0-428 1-962897 
3-764 2-456797 1-660 1-316176 0-492 0:011135 
2-828 2-519841 1-724 1-374373 0-556 0:058493 
2-892 2-582740 1-788 1-431909 0-620 0:104991 
2-956 2-645475 1-852 1-488739 0-684 0:150652 
1-020 2-708023 1-916 1-544820 0-748 0-195505 
1-084 2-770358 1-980 1-600113 0-812 0239579 
1-148 2°832451 0-044 1:654582 0-876 0:282907 
1-212 2-894273 0-108 1-708198 0-940 0-325522 
1-276 2-955787 0-172 1:760939 1-004 0:367458 
1-340 1-016958 0:236 1-812785 1:068 0:408749 
1-404 1-077743 0-300 1:863729 1132 0-449447 
1-468 1138106 


entries above and below, less 1/32nd of that entry, which lies on the 
same level in the third column. The third middling involves the subtraction 
of 1/128th part of the third-column entry. Successive fractions are each one- 
quarter of the preceding one, and one quickly reaches the stage where the second- 
difference correction is negligible. An extension of column 1 across the page 
for decimal subdivision of the argument is in all cases a linear interpolation. 

The first key entry for 2-636 in both tables is included for the purpose of 
enabling the second difference to be calculated at the level 2-700, where the 
table really starts, 
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ABSTRACT. A technique is described for obtaining a non-rectifying carbon- 
carborundum contact. Experimental current-voltage curves are given for single rectifying 
contacts. ‘These curves show that green and black carborundum are essentially different 
types of semi-conductor. Experiment also shows that all the rectification takes place at 
the contact surface, and that any volume rectification (if it exists) is a second-order effect. 
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UCH of the literature on the rectifying property of carborundum is 
confusing, owing to a lack of attention to two important factors. 
First, there are at least two types of carborundum crystals which 
are completely different in their electrical properties. In green carborundum, 
rectification takes place in such a way that the direction of easy flow of electrons 
is from semi-conductor to metal; in black or blue carborundum, rectification is 
in the opposite direction. This fact is evidently not generally appreciated, 
for as recently as 1942, Fairweather, in describing experiments on the 
carborundum rectifier, omits to mention with what type of crystal he is dealing. 
On the other hand, as early as 1921 Dowsett distinguished between green and 
black crystals, which he called positive and negative; and more recently Russian 
investigators (e.g. Gokhberg (1937) and Losev (1940)) have distinguished the 
two types as excess and defect semi-conductors. (See Wilson (1939) for an ex- 
planation of these terms.) 

Commercial carborundum, as manufactured in the electric furnace, consists 
mainly of masses of opaque black or deep blue crystals, but in parts of the furnace 
the product may consist of clear crystals, varying in colour from green to pale 
yellow or even colourless. ‘The various crystals differ little, if at all, in chemical 
composition. ‘They may differ in crystal structure, and an investigation on this 
point is at present in progress. 

Secondly, the fact that experimental data may refer to two contacts in series 
is often not mentioned. For example, El Sherbini and Yousef (1939, 1941), 
Khastgir and Das Gupta (1935), Chakravarty and Khastgir (1937), and others, 
clamp a crystal in metal electrodes and measure the overall rectification. If 
there is no volume rectification this simply gives the difference between the 
rectification at the two contacts, and the results can become very misleading. 
As shown below, even a soldered contact does not have under all conditions a 
resistance small compared with that of a cat’s-whisker contact. Fairweather 
(1942) has avoided the difficulty, and has measured the voltage across a single 
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contact by a potential probe and balancing e.m.f. This method is theoretically 
sound, but is comparatively insensitive, especially for small voltages, owing to 
the high resistance of the measuring circuit. 

In the present series of experiments full account has been taken of these 
two important factors. Data are presented for both green and black carborundum, 
and the rectification is referred to a single contact by making the resistance of 
the second contact very small. 

The crystal fragments used were roughly rectangular, having a volume of 
about 0:01 c.c. There is an advantage in experimenting on such a small scale, 
for commercial carborundum is a mass of irregularly fractured crystals, and it is 
difficult to obtain a single crystal of larger size. 


§2. METHOD OF MAKING A ‘“LOW-RESISTANCE” CONTACT 


Three types of low-resistance contact have been tried: solder, mercury and 
carbon. In the first method, a crystal of carborundum is partially immersed in 
molten solder, which, on solidification, holds the crystal tightly, and presumably 
gives a large area of contact. In the second method the crystal is held by means 
of three screws in a metal cup filled with mercury. In the third method. 
(figure 1) the crystal is clamped between two pipe-clay tubes, through which 
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Figure 1. 


pass carbon rods (sharpened H.B. pencil leads) which are pressed on to the 
crystal by springs. ‘The initial resistance of the arrangement is non-linear, of 
the order of 100,000 ohms at 4 volts. The carbon-carborundum contacts are 
broken down by passing a heavy current for a short time (e.g. 7 amperes for 
10 seconds). ‘The current was obtained from 110 v. A.C. mains with a series 
limiting resistance. With 7 amperes passing, the crystal reached about 
1200°c., judging from its colour. The specific resistance while at bright 
yellow heat was measured as 0-07 ohm/cm (black carborundum). This rose 
on cooling to about 5 ohms/cm? In this experiment it was impossible to tell 
how much of the resistance was localized at the contacts and how much represented 
volume resistivity. 

In figure 2, curve I represents voltage plotted against current for two fused 
carbon-SiC contacts in series, prepared as above. The resistance is linear 
of the order of 100 ohms, up to about 7 volts. In curve II, two saldee 
contacts are in series. ‘The resistance is linear, of the order of 1 megohm, only 
up to about 0-5 volt. A similar curve is obtained for mercury-SiC. In 
curve ITI, a solder-SiC contact is in series with a cat’s-whisker contact of copper 
wire. ‘The two separate branches of these curves represent the two different 
directions of applied voltage. Curve II coincides with one branch of curve IIT. 
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since the direction of easy flow of electrons for the high-resistance (cat’s-whisker) 
contact necessarily corresponds to the direction of difficult flow for the low- 
resistance (solder) contact. The dotted branch of curve III is obtained when a 
fused carbon contact is substituted for the solder contact. For this low- 
resistance branch of curve III, the solder contact is evidently only satisfactory 
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Figure 2. Typical current-voltage relationships. 
I. ‘Two fused carbon contacts. 
Il. Two solder contacts. 


Ili. Cat’s whisker and solder contacts. 


at low voltages, and this condition is most definitely not obtained in much of 
the published experimental work on crystal rectification. The fused carbon 


contact used in the present work has such an exceedingly low resistance that 
distortion of the low-resistance branch does not occur. 


§3. EXPERIMENTAL RESULTS 
The electrical circuit is shown in figure 3. Voltage is measured by the 
multi-range voltmeter connected directly across the carborundum crystal and 


series resistance. ‘The voltage drop across this resistance is allowed for when 


C = Crystal Contact 
R_ = Stondard Kesistance 


Vo = Voltmefer 


A = Unipivot microammefer 


Pioneer TT FG 


Figure 3. Circuit diagram. 


it is significant. Unfortunately this method of measurement, although simple 
and direct, gives the voltage across two metal-SiC contacts. In practice one 
makes the resistance of one contact small compared with the resistance of the 
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other, as described above. Current is measured by measuring the potential 
drop across the series resistance, which is variable in steps from 10? to 10’ ohins. 
For this purpose a D.C. amplifier similar to that described by Vance (1936) iS 
used. This has an input impedance large compared with 10’ ohms, and is con- 
nected’ so as to give 100 % negative feed-back. The voltmeter in the output 
stage measures ()-1 or 1 volt full-scale, and the current range is therefore 10~* to 
10-? amperes for full-scale deflection. é 

Experimental curves relating current and voltage for single carborundum 
contacts are shown in figures 4 and 5. It should be clearly understood that 
while these curves are exact for the given contact and conditions, they are only 
typical of the given contact materials. This limitation will be readily appreciated 
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Figure 4. 


by anyone who has done any experimental work on crystal rectification. For 
those who have not, it is as well to emphasize that the effect of such factors as 
contact pressure, actual (not superficial) contact area, exact composition of 
contact materials, thickness of any surface layer, previous history of contact, 
etc., which are factors controllable only with great difculty, can cause great 
variation of experimental results. These difficulties are often glossed over in 
accounts of experimental work, and it is as well to read such accounts with a 
highly critical eye. 

The contact combinations studied are shown in the table, which gives in 
each case the number of different crystals studied, the number of observations 
using different parts of the same crystal and the overall experimental variation 
observed. The last is expressed arbitrarily by the range of current for a voltage 
of 1 volt applied across the contacts. This variation is generally enormous 
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(showing the effect of uncontrolled factors), but this does not invalidate the 
conclusions given below, for the direction of rectification is constant, and for a 
particular contact the current-voltage curves are approximately repeatable. 

In figure 4, a current-voltage curve is given for a cat’s-whisker contact of 
copper-black carborundum. The direction of easy flow of electrons is from 
metal to semi-conductor. In obtaining this curve, the voltage was raised in 
small steps to the maximum value and the corresponding currents measured ; 
the voltage was then decreased similarly. This procedure results in two curves 
for ascending and descending voltage, showing that the current at a given voltage 
depends on the time of application. A point to notice is that in the direction 
of easy flow of electrons the current decreases with time of application of voltage, 
while in the direction of difficult flow the current increases with time. 


‘Table. Contact combinations studied 


No. of 
No. of different Total range of current 
Contact different} points on (amp.) at V=1 volt 
crystals same 
crystal Metal + Metal — 
Copper-black SiC 25 10, 10, 6, 2 | 3x10-°—6 x 10-7 | 4x 10-§—3 x 10-5 
(remainder 1) 


Solder-black SiC 4 (all 1) a= — 
Mercury-black SiC 2 heal Ss = 
Fused C-black SiC 6 


Copper-green SiC 6 Bi So CUO etl eI |] OK WO ail SCD 
(remainder 1) 

Solder-green SiC 1 1 — — 

Mercury-green SiC 1 1 = = 


| 
| 


Fused C-green SiC 


Green-black SiC 2 pairs 4,1 6x10 SS <GlOm* 1556 LOSS = Se One 


In figure 5, curve I refers to a cat’s-whisker contact of copper-green car- 
borundum. It has been found that the resistance of contacts with green 
carborundum is always less than similar contacts with black carborundum. 
Rectification is in the opposite direction, the easy flow of electrons being from 
semi-conductor to metal. The effect, described in the last paragraph, of the 
current varying with time was not noticed. Curve IJ refers to a contact between 
crystals of green and black carborundum. Rectification is in the direction to 
be expected by analogy with the results for metal-carborundum contacts, the 
easy flow of electrons being from green to black carborundum. Contacts of 
green-green and black-black carborundum also rectify, but less efficiently. 

Other experimental points of interest are: similar results were obtained 
with dull, shiny, striated and fractured surfaces. ‘The crystallographic orienta- 
tion of the surface was immaterial. Similar results were obtained on a surface 
which had been exposed to the air for a long time and on newly fractured surfaces. 
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Heating the crystal in an atmosphere of nitrogen or prolonged washing with 
hydrofluoric acid had no effect on the contact resistance. 

The curves were repeatable except when more than about 12 volts were 
applied, when the contact resistance began to break down, and was only partially 
recovered on lowering the applied voltage. At about 20 volts a white glow 
appeared at the contact. Sillars (1942) has reported that this glow gives a 
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Figure 5. : 
continuous spectrum. Pressure applied to the contact altered the resistance 
characteristic. With increasing pressure the resistance decreased and became 
less dependent on voltage. 

At low voltages (or, it may be, at low current-densities) the contact resistance 
is linear. Over a certain voltage range non-linearity is observed, and at high 
voltages the resistance apparently tends to become linear again. ‘This latter 
may, however, be a contact breakdown effect. 


$4. THEORETICAL DISCUSSION 


It can be deduced theoretically that for an excess semi-conductor the thermo- 
electric force against a metal is negative, while for a defect semi-conductor it is 
positive. It has been shown experimentally by Gokhberg (1937), and confirmed 
by the author, that on this count green and black carborundum should be classed 
respectively as excess and defect semi-conductors. The cause of this difference 
is obscure. Carborundum is certainly an “ impurity’? semi-conductor, but the 
identity of the impurities is not known. 
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It has generally been supposed that there is a surface layer of silica on 
carborundum crystals, acting as a “ barrier-layer”’, but the evidence is not very 
convincing. Heine and Scherrer (1940) have, from electron-diffraction experi- 
ments, shown that such a layer, if present, must be less than 10a. thick. Finch 
and Wilman (1937) have similarly shown that a layer 15. thick may sometimes 
be present, but can be removed by the usual means (e.g. hydrofluoric acid). 
The fact that a freshly fractured surface is indistinguishable electrically from a 
natural crystal face shows that any silica film must be formed very rapidly on 
exposure to the atmosphere. In any case, it is inconceivable that the thick 
barrier-layer (approximately 10-3 cm.) required on Mott’s theory of contact 
rectification (1939) can be present. This theory is completely satisfactory only 
for the copper-oxide rectifier. Wilson’s earlier theory (1932) postulates a 
barrier-layer approximately 10-7 cm. thick, and this may possibly be present. 
Unfortunately, Wilson’s theory predicts rectification in the wrong direction. 
A possible solution to the difficulty may be found in the work of Losev (1940) 
on the photo-electric effect of carborundum. His experiments indicate that 
while the bulk of a crystal may have ‘“ defect”? conductivity, the outer layer 
(10°? cm. thick) will have “‘ excess” conductivity, the “‘ barrier-layer”’ occurring 
at the junction. It does seem necessary to postulate some sort of physical barrier- 
layer, for the formation of an electrical barrier seems ruled out by the apparently 
instantaneous response of the carborundum rectifier to short impulses. One 
must conclude, then, that the current theories of contact rectification do not apply 
satisfactorily to carborundum. 
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A MACHINE FOR HARMONIC SYNTHESIS 


By A. SHILTON, 
Technical College, Brighton 


MS. received 10 November 1943 ; demonstrated 17 December 1943 


in the theory of sound, of alternating current, and the various branches | 

of telephony, but it has been somewhat difficult to demonstrate this 

process to students at all adequately without the labour involved in drawing | 
a large number of curves, or the use of elaborate electrical apparatus. 

The machine developed by the writer for this purpose is compact and easily 

portable, and will perform the addition mechanically with considerable accuracy. 

As shown in figure 1, three similar cylinders have pistons which can be operated 


[ addition of harmonic waves is a matter of considerable importance | 
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Figure 1.. Machine for harmonic synthesis. 


by cams, so designed that the motion of the pistons is simple harmonic. The 
cylinders communicate with each other, and with a fourth cylinder of smaller 
diameter having a piston which carries the recording pen. The cylinders are 
filled with oil and the piston of the recording cylinder has a return spring which 
keeps the oil under slight pressure and thus maintains contact between the 
other pistons and their respective cams. The recording pen presses on a paper 
strip wound on a drum, which rotates about an axis parallel to that of the recording 
cylinder. A single main shaft drives this drum and the cams, maintaining a 
constant speed relationship between the cams themselves and between the cams 
and the drum. ‘The cams are driven by interchangeable gears, the drum by a 
friction drive. Each cam, acting by itself, produces simple harmonic motion 
of the pen, and this motion, combined with the rotation of the recording drum, | 
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makes it draw a sine wave. If more than one cam is put into operation, the 
pen records the curve resulting from the addition of the component waves 
which the cams would produce acting separately. These components are 
under the control of the operator in respect of relative frequency, amplitude 
and phase. 

The frequencies depend on the gear ratios chosen to drive the cams, but, in 
order to preserve the same centre distance, it is necessary that the total number 
of teeth on each pair of gears shall be a constant. By making this total 60 teeth 
it is possible to obtain ratios of 1:1, 1:2, 1:3, 1:4, 1:5, and thus to obtain 
harmonics up to the Sth. : 
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Figure 2. Traces obtained with machine. 


The amplitudes of the components can be varied by using various cams, 
which are interchangeable and have different “ throws ”’. 

Phase relationships between the components can be adjusted by altering 
the orientation of the cams with respect to their driving gears. It would be 
useful, though this was not included in the original machine, to have a scale of 
degrees engraved on the face of each cam and a vernier arm fixed to the frame of 
the machine; the setting could then be carried out more easily and accurately. 

The main difficulty encountered in the construction of the machine was the 
necessity of having the pistons an accurate fit in their cylinders. ‘They must, 
of course, be oil-tight, but must slide quite freely, and this necessitates lapping 
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to an accuracy of about 0-0001 inch. With this degree of accuracy, and using 
ordinary machine oil, no appreciable leak was observed. The type of pen used 
is a matter of some importance. In the writer’s experience, the most successful 
was a piece of glass-tube drawn out to a point and ground flat on fine emery 
cloth. The tube forms a reservoir for the ink, and such a pen is very smooth | 
in action, the recording arm being quite free from any kind of chatter. It is 
convenient to have a spring-driven drum, on which the paper can be wound 
after recording. 

The machine is suitable for demonstration work on the following topics :— 


1. Tone of a musical note—wave-form and harmonic composition. 

. Musical intervals. Frequencies in a simple ratio. ° 

. “ Beats ” between frequencies not greatly different. Beat frequency. 
. Modulation of a radio ‘‘ carrier’? wave, and sidebands. 


CO COILS 


Verification of methods of vector addition of waves of the same | 
frequency. 
6. Alternating current wave-form. ‘Typical effects of odd-and-even 
harmonics. 


7. Harmonic distortion introduced by valves in audio amplifiers. 


Students can watch the curves being drawn, and the manner in which they 
arise as a result of the addition of their harmonic components is made abundantly 
clear. It is an obyious advantage to have permanent records for reference, 
and, in fact, the machine is very useful as a means of obtaining accurately drawn 
curves which students can use as exercises in the usual methods of harmonic 
analysis. Examples of traces obtained with the machine are given in figure 2. 


THE NON-DESTRUCTIVE TESTING OF 
METALLIC COMPONENTS 


By. BRUCE CHALMERS, D.Sc., Pu.D., F.Inst-:P. 
Lecture delivered 5 November 1943 


§1. INTRODUCTION 


HE study of metals has in recent years become a recognized sub-division 

of physics; there are many facets of this subject, the extremes being 

the application of very difficult physics to properties of metals of purely 
theoretical interest, and the application of easy physics to pressing practical 
problems of metallurgy. It is with the latter, less fashionable, subject that 
this survey deals. 

Metals are used in the production of the equipment of modern life on account 
of a variety of properties, among which mechanical strength and endurance 
are, perhaps, the most important. « Electrical and thermal conductivity, appear- 
ance, magnetic properties and a host of other qualities are also important, but 
only to a secondary degree. The usefulness of a particular piece of metal, which 
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may form part of a locomotive or an aircraft, a fountain pen or a rifle, depends 
very largely on its mechanical properties, that is to say its resistance to excessive 
distortion. Its resistance to other destructive agencies, such as corrosion, 
may also be of prime importance. When such components are being manu- 
factured the question arises as to how tests can be applied to ensure that the 
article will be able to “ stand up to”’ its work for the required period. This is, 
in the first instance, a design problem, but even with a satisfactory design it is 
still necessary to find out whether the product conforms in all respects to the 
requirements. 

When the requirement is that the component shall continue to perform a 
particular function for a specified period, the only real method of test is to try it 
under working conditions; but having proved the pudding by eating it, there is 
nothing left to satisfy the perpetual hunger of the production manager. So 
the full test of every component is an ideal solution, which, in common with 
many ideal solutions of elementaty physics, only applies when the answer is of 
none but philosophical value. 

It is therefore necessary to test a high proportion by inference, and this 
may be done in many ways; but an important consideration is the extent to 
which it is justifiable to take a chance. ‘l’his depends on the particular application 
involved and on the economic conditions prevailing. For example, while it 
might be criminal to permit a one per cent chance of failure of an aircraft com- 
ponent, and it might be merely bad policy to take a similar chance in the corre- 
sponding part of a car, it may well be cheaper and better to be prepared to give a 
free replacement ina vacuum cleaner. So the problem of inspection by inference 

has to be related to the detailed nature of each example. 

. In order to decide whether a metallic component is able to do its job without 
actually trying it, it is of course necessary to make sure that it is dimensionally 
correct. This can usually be done with any required accuracy by means of 
methods into which I need not enter here. In some cases, however, it is 
necessary to destroy the object in order to make a direct measurement of some 
of its dimensions. Such cases often occur in complicated castings, when cores 
may have shifted. The more complicated the core, the more likely it is to 
shift and the more difficult it becomes to detect it by direct measurement. A 
similar problem may arise when it is desired to assess the effects of corrosion 
or erosion in tubes, etc., during service after assembly. The second problem 
is to discover whether it is strong enough, taking the most general meaning of 
the word, to withstand the stresses to be imposed on it for a sufficiently long 
time. ‘The third aspect is to determine whether its surface is physically and 
chemically suitable to its proposed environment. 

Two methods of attack are available for these problems: one is to ensure 
that the article is produced by a process that is known to be similar in all respects 
to the process that is known by direct test to give a product of satisfactory pro- 
perties; this may apply to all three aspects previously mentioned, namely, 
geometrical, mechanical and surface properties ; and it 1S, the tact: used quite 
widely in the last of these; a surface produced in a given way, ¢.g. by grinding, 
honing, etc., can often be assumed to be sufficiently similar to another surface 
produced in the same way; so also with the chemical condition of the surface, 
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where the detailed process of anodizing, plating, or other finish may define | 
the result sufficiently accurately. For mechanical properties, especially in cases | 
where the factor of safety is not large, it is not usually assumed that a standardized 4 
process is a sufficient guarantee of a standardized product. ‘There are good | 
reasons for this scepticism, arising partly from the multiplicity of processes | 
through which any metal article passes from the raw materials to the finished job, | 
and also from the variability of the raw materials themselves. No two casts | 
of steel are ever quite the same, no two ingots are quite identical, and all the 
subsequent processes depend to some extent, often to a large extent, on the — 
human element to adjust the conditions of working to the condition of the metal. | 
There are, therefore, always some aspects of the complete process that are liable | 
to vary, and it is logical, as experience shows it to be necessary, to test the product | 
as well as to try to control the process. With regard to dimensions, the most 
favourable case arises when automatic machines are used, or when die-casting — 
is involved. In such examples it is often not necessary to do more than an | 
occasional test to keep a check on proper working. 


§2, DIMENSIONAL MEASUREMENTS 


When dimensions cannot be measured directly, there are various indirect 
methods that may be used; the most useful of these are the radiographic and the 
electrical methods. The radiographic method will be dealt with more particularly _ 
in connection with the detection of flaws. ‘The electrical method has several 
variants, the general principle being the same in all cases, namely, the measure- 
ment of an electrical resistance that depends on the thickness of the section 
under test. When other conditions are constant this can easily be done by 
means of the method developed by B. M. Thornton, in which four contacts in 
a row are used. ‘The outermost pair are the current contacts, and the inner pair 
are used for the potential difference, which may be measured by direct observa- 
tion of a galvanometer deflection. ‘The method requires calibration on com- 
ponents of known thickness made of the same material as that to be used in 
practice. ‘lhe accuracy of this method is, under good conditions, better than 
5%, but difficulties naturally arise when the specific resistance of the material 
varies owing to composition or metallurgical condition. This presents a 
more complicated problem, to which an interesting solution has been suggested 
by A. G. Warren. ‘This consists in determining the variation in current dis- 
tribution between two points when their separation is altered in the ratio of 
four to one, the distances being greater and less than the estimated thickness. 
The current distribution is assessed by measuring the P.D. between two points 
at the other two corners of a square of which the current contacts form two | 
adjacent corners. Calibration of this method is necessary, the thickness being | 
related to the ratio between the P.D.-current ratios at the two sizes. The 
accuracy of this method must depend upon homogeneity and isotropy as regards 
resistivity, but is independent of the absolute resistivity of the material, as it 
depends on the current distribution and its variation with geometrical factors. 


§3. MECHANICAL PROPERTIES 


Reverting to the question of mechanical properties, the inspection procedure 
has the following possibilities :—A certain percentage may be tested to destruction 
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or for the required life in the actual conditions of use. This may only be 
possible when the design is being tested before it goes into production. Secondly, 
a test may be devised that is intended to imitate the working stresses and to give 
the result much more quickly ; for example, a fatigue test may show quite rapidly 
that a component will stand up to the expected stress range for a very long time, 
or a tensile test may show that a component is not strong enough for its job. 
That is to say, a destructive test may be applied, but only to a limited number of 
samples. ‘Thirdly, a destructive test may be carried out on a specially made 
part of each article. For example, a casting may have an extra section which is 
put there specially, so that it may be removed and tested to destruction. This 
involves the assumption that the sample shares the properties of the parts which 
are going to be subjected to stress in service, and both the procedures involve 
the assumption that the right property is being tested. Further, a proof test 
may be applied; in this case conditions are chosen that will not destroy a sound 
article but will show up defects’ The next alternative is to test each article, 
or a certain proportion, for indications which reveal the presence of causes which 
would lead to failure. ‘These may be cracks or internal flaws, and we will return 
to this subject later. Finally, tests may be made on properties which are known 
by experience to be correlated with the relevant qualities, which can only be 
directly tested by destruction. 

The last two types of test, which may of course be used together, are often 
classified as non-destructive tests, and I propose now to discuss them in rather 
more detail. . 

Non-destructive tests on metals can be classified in the following way: 

Tests for flaws. 

Tests of physical properties related to mechanical properties. 
Tests for surface protection. 

Tests for surface profile. 


: Tests for flaws 


Tests for flaws depend upon a variety of physical phenomena, of which 
the best known are: absorption of x rays or y rays; formation of magnetic poles 
on opposite sides of a gap in a magnetic material; deflection of a magnetic field 
round a gap; electrical resistance; absorption of liquids in cracks (fluorescent 
or stain); acoustic; damping capacity; specific gravity; elastic modulus. 

The choice of a method for a given case must depend on a number of factors. 
The kinds of flaw can, in the first place, be divided into those that “‘ outcrop” 
on the surface and those that do not. In many cases it is safe to say that if there 
are no cracks at the surface there are none anywhere, and in other cases, as, 
for example, a component that will be subjected to fatigue conditions, cracks 
at the surface are much more harmful than internal ones. On the other hand 
there are plenty of examples, such as castings and welds, where internal flaws 
may exist without any effect being apparent on the surface. Cracks that extend 
to the surface may be detected visually, and there are various ways of reinforcing 
the eye in order to increase the sensitivity or the certainty of detection. One 
such method is Glo-crack, in which a fluorescent material is absorbed into 
cracks aided by a surface active constituent. The article is then examined 
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under ultra-violet light. ‘The procedure is to immerse the article in a bath of 
the fluorescent liquid for a sufficient time for the object to take up the tempera- 
ture of the bath, then to transfer it to a second bath which contains an inhibitor 
which deactivates the fluorescent material with which it comes into contact. 
Matters are so arranged that the only material left active is that in the cracks. 
The method is apparently much better for non-ferrous metals than for steel. 

In the case of steel the problem is more satisfactorily solved by the Magnaflux 
method, in which the strong magnetic field that originates from the edges of a 
crack when the crack is transverse to the general direction of the field is revealed 
by its action on finely divided iron particles. "The method has several variants, 
depending on the size and shape of the article and the type and direction of 
crack that is suspected. ‘The article may, for example, be magnetized first 
and then tested either by dipping it into a suspension of iron dust in a suitable 
medium, or by pouring the so-called ‘‘ magnetic ink” over it. Alternatively, 
it may be tested while it is being subjected to the magnetizing influence. This 
may be either an external magnetic field or a current through it, according to 
whether the magnetic field is required to be longitudinal or circumferential. 
The optimum intensity of magnetization and the relative advantages of using 
A.C. or D.C. for the magnetizing current are matters on which no general rules 
can be laid down, as they depend on the details involved. 

A third aid to visual inspection is obtained by the oil and whitewash method, 
in which the capillarity of the cracks is again invoked, but instead of a fluorescent 
liquid, an oil is used. The presence of the oil is revealed by the local discolora- 
tion of a coat of whitewash painted on to the surface after the oil has been applied 
(often at a raised temperature) and then wiped off. The oil may be made to 
ooze out by warming slightly. ~ 

The methods outlined are in general only suitable for cracks that reach 
the surface, although the D.C. Magnaflux method will indicate sub-surface 
flaws if they are not too deep. Methods of the next group are applicable to 
flaws not necessarily of the shape suggested by the term ‘“‘crack’’, whether ~ 
they are at or below the surface. The best known and generally most useful 
of these methods is that of radiography, in which the absorption of x rays or 
y rays by a metal is used to reveal local differences in the thickness of metal 
traversed by the rays. ‘The observation is usually made by means of a photo- 
graph in which the contrast and intensity are under much better control than 
with direct vision of a fluorescent screen. The limitations of this method are 
the time taken to get a result which is necessarily qualitative, and the minimum 
dimension of flaw that can be detected by it. A flaw must reduce the section 
along the path of the beam by at least 2°% to be detected, and it must be of 
such a width that sufficient of its real depth is effective. 'The method is therefore 
best suited for internal voids rather than for cracks as such. It forms an essential 
part of the established technique for inspecting various types of casting and 
welded joints where mechanical properties are critical, as-in boilers. While 
the radiographic method is widely used, and has been the subject of many papers 
and several books, the other methods already named for the detection of internal - 
flaws are not nearly as well developed or well known as they might be. 

Methods involving the detection of the disturbance of a magnetic field by a 
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void can, of course, only be applied to ferro-magnetic materials. Such methods 
can be divided into two types, namely, those in which a component of external 
magnetic field is detected in a position or direction in which it would not occur 
with a sound specimen, and those in which the efficiency of the sample as the 
core of a transformer is impaired by the high reluctance resulting from the 
flaw. The former type is exemplified by the Sperry Rail Flaw Detector, in 
which a longitudinal current fed by brushes sets up an external magnetic field, 
variation in the direction and intensity of which are detected by pick-up coils 
or by special thermionic valves whose output is modified by any deflection of 
its electrons by a magnetic field. In either case the detector output is amplified 
and a record is produced. In addition, a paint gun is operated so that the 
positions of any defects are easily observed. The reluctance method has been 
used for the detection of faults in wire cables, the cable being passed through 
primary and secondary coils. The primary coil carries A.C. and the output 
of the secondary is balanced against either a second coil displaced from the 
first, so that local differences are shown up, or against a second similar unit on a 
good sample of cable. A similar method has been used for bars and tubes. 

In both these methods it is clear that flaws will only be detected if they have a 
component transverse to the direction of the current or the field in the sample. 
This is longitudinal in the former case, but in the latter it involves both the 
longitudinal magnetization and the circumferential eddy currents, so that 
transverse or longitudinal flaws may be detected, their effects being, however, 
in opposite directions. 

The eddy-current effect, which tends to dissipate less energy if longitudinal 
flaws are present, can also be used for non-magnetic materials, particularly for 
tubes, in which such flaws may be expected in view of the methods by which 
they are made. 

Any flaw that is transverse to a direction in which current can be made to 
flow can, in principle, be detected from its effect on the resistance, which can 
often be measured by means of a galvanometer connected to two points between 
the current input and output contacts. Contact resistance is seldom troublesome 
unless the resistance of the galvanometer circuit is very low, which would usually 
render the apparatus unduly sluggish. Limitations to all these methods are 
introduced by the unavoidable existence of variations between samples of the 
properties on which the tests depend; variation in dimensions within permissible 
limits may, for example, have more effect on the measured resistance than 
flaws of dangerous dimension, or the permeability or resistivity may be so 
dependent on the composition or on physical condition that it masks the variations 
in reluctance or resistance that would correspond to flaws that ought to be 
detected. For these reasons tests must be made, covering a wide range of 
samples, before the indications of these methods of detection can be used for 
inspection. 

The acoustic methods depend on the propagation of elastic waves throug 
the sample. In the simple hammer test, the presence of flaws alters either the 
natural frequency or, more often, the quality of the note emitted. This is due 
to the inefficient transmission of waves at the surfaces of cracks, causing excessive 
damping of the waves, particularly those of higher frequency. ‘This results in 
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the characteristic “cracked” sound. The practice of tapping railway wheels 
is an example of this test. The measurement of damping capacity is a more 
refined and objective way of applying the same principles. 

The presence of voids or porosity, but not of cracks, may in suitable cases 
be revealed by a measurement of the specific gravity, into which I need not enter 
here, except to remark that the elimination of air bubbles can often be facilitated 
by the use of a wetting agent when a hydrostatic method is used for the volume 
determination. ‘The last method on the list is that of measuring the apparent 
elastic modulus of the material of which the component is made. This may be 
accomplished by measuring the deflection under a known bending moment. 
The elastic modulus of a metal is a remarkably constant property of the metal, 
being almost uninfluenced by impurities or by the physical condition of the 
material. If the dimensional tolerance is small, the apparent elastic modulus 
may therefore be a good indication of abnormal conditions, such as cracks. 


Physical properties 

The next tests are those in which a property is measured which is 
known to be indicative of a quality that is mechanically important. The 
most obvious example is the measurement of hardness, which in many cases 
is in itself of no importance, but is an excellent guide to the tensile strength 
(providing the material is the same and it is only the physical state that is in 
question). ‘The hardness may be tested non-destructively, and is often used 
as an indication that heat-treatment has been correct. ‘This is, of course, an 
accepted method of testing, and is frequently embodied in specifications, so 
much so that one rather tends to forget that it is often only an indirect test of 
the strength of the material. ~Spectrographic analysis is sometimes used in a 
similar way to verify the composition when it is known that this has an effect 
on the mechanical properties within limits that are too small to be se) 
detected by other methods. 

Microscopical examination can occasionally be used non-destructively, but 
the degree of surface preparation required usually puts this method beyond 
the realm of non-destructive testing. Usually, also, it is desirable that the test 
should be rapid and objective, preferably expressed numerically in order that 
large numbers of tests can be made, assessed and recorded quickly. 

X-ray crystallography has not figured very prominently in this field, although 
it has been used in isolated cases where the crystallographic data which it reveals 
are important. Here again speed and the more complex forms of the result 
make this method relatively unsuitable for routine inspection. The possibilities 
are obviously considerable, and will, I think, be widely exploited in the future. 

The possibilities of using other physical properties that may be related to 
mechanical properties of technical importance will be apparent from what has 
already been said. 


Surface properties: Protection 


We come now to the question of surfaces. ‘The main problems of surfaces 
can be considered as wear resistance, corrosion resistance and friction. Wear 
is governed largely by the hardness of the material concerned, but the hardness 
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that matters is that of the surface layer in the first instance and subsequently of 
the material that is exposed when this is worn away. Hardness testing either in 
the ordinary manner (by measuring the indentation caused when a spherical 
or pyramidal indentor is pressed against the surface by a known force) or by a 
scratch test in which one measures the width of a scratch made under known 
conditions, can be regarded as non-destructive if used with discretion. Abrasion 
or wear is often aggravated by corrosion, which is, of course, one of the biggest 
causes of wastage and failure of metals in service. The subject of corrosion is 
too complex to enter into here, and often too controversial for a lecture such as 
this ; but the chief factors, in addition to the environment, are the chemical, 
physical and geometrical nature of the surface. 

The chemical nature of the surface that is exposed to conditions conducive 
to corrosion can be any of the following: (a) the natural surface of the metal, 
(0) the surface of a protective coating of another metal, (c) the surface resulting 
from some specific chemical reaction such as anodizing, or (d) a non-metallic 
paint or other coating. 

In many cases the efficiency of the means chosen to combat corrosion can 
be measured indirectly without subjecting the surface to corrosive conditions. 
Such a test would come under the heading of non-destructive tests. From a 
purely chemical point of view (physical and geometrical factors will be considered 
later) the purity and homogeneity of the metal or the constitution of the non- 
metallic surface are the main influences to be considered, and apart from analytical 
tests on material believed to be similar, the only available method is that of 
polarimetry, which cannot be regarded as absolutely non-destructive. 

The continuity of a protective coating, whether of a metal or a paint, is 
extremely important, especially in those cases in which protection depends on 
complete covering. The protection of steel by tin, which is normally cathodic 
to steel, is a case in which continuity is very important. When steel is protected 
by zine or cadmium, to which it is cathodic, it is not quite so important, because 
the zinc and cadmium corrode preferentially, and may be regarded as sacrificial 
coatings. 

The continuity of a tin coating on steel cannot be measured in a completely 
non-destructive way. The methods of testing for “ porosity’’, 1.e. the number 
of discontinuities in a given area of the coating, depend on allowing some corrosion 
to occur and measuring its effect by one of several available methods. At the 
same time the relationship between the porosity and the thickness of the coating 
is known to be reasonably consistent for all hot-dipped tinplate that is manu- 
factured commercially at present. A measurement of the coating thickness can 
therefore be used for arriving at an estimate of the porosity. ‘Two distinct 
methods have been put forward for the non-destructive testing of the coating 
thickness of tin or other non-magnetic metals on steel. One is the magneto- 
tractive method, in which the force required to detach a magnet from the surface 
is measured, and the other is the mutual-inductance method, in which the coating 
forms two gaps in the core of a transformer, the efficiency of which is measured. 
Two difficulties arise in applying either of these methods: one, to which solutions 
have been found, is the lack of consistency of the steel base in respect to magnetic 
properties. The solution is to make a second measurement in such a way that 
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the sensitivity to steel base properties is increased relatively to the sensitivity 
to coating thickness. The results of the two measurements are combined to 
give the thickness of the coating. It may be noted in passing that these methods 
are equally applicable to the measurement of many other types of coating. The 
second difficulty is that the thickness of the coating on tinplate is never uniform. 
It is therefore necessary to take the average of a considerable number of readings 
in order to attain a useful degree of accuracy. This difficulty is less pronounced 
when electro-deposits are involved, but it must be remembered that deposits 
containing nickel or cobalt cannot be regarded as non-magnetic. Nickel 
coatings on brass or other non-magnetic metals can be measured by similar 
methods, although the accuracy is limited by the dependence of the magnetic 
properties on the physical state of the nickel. 


Surface properties: Profile 


With regard to the physical characteristics of a surface in so far as they affect 
its corrosion-resisting properties, little can be said except that they are usually 
closely associated with the topographical characteristics. For example, fractured, 
machined, ground or polished surfaces of the same material would be expected 
to behave differently under corrosive conditions, not only on account of the 
specific areas and shapes of the surfaces, but also because the crystalline structure 
at and near the surfaces would be different. Appearance, or the more refined 
methods of testing for surface finish, can usually be regarded as taking care of 
the physical properties concerned. 

The shape of the surface of a metal is very important when it is one of a pair 
of rubbing surfaces, and it may be quite important when it is subjected to 
corrosive conditions or fatigue.stresses. Little trouble is caused when a com- 
paratively gross scale of sizes is involved, but when the scale of the deviations 
from a mean surface is of an extent or depth that may fairly be described as 
microscopic, the problems are much more complicated. The methods available 
for the non-destructive testing of the micro-topography of metallic surfaces 
can be divided into mechanical and optical. In the mechanical methods a 
stylus is drawn over the surface under conditions designed to make it follow all 
the undulations, and its movement is magnified and recorded or converted 
into a numerical measure of the departure from true flatness. There are two 
general types of instrument is use. In the electrical type, of which the Abbott 
is the best known, the movement of the stylus causes corresponding changes 
in a circuit in much the same way as in a magnetic gramophone pick-up. The 
output is amplified and may either be measured in terms of the root mean square 
of the departure from a mean level or it may be recorded photographically 
from an oscillograph trace. In the Tomlinson instrument, which is of the 
mechanical type, vertical movement of the stylus (which can only move in this 
direction) relatively to the rest of the instrument is magnified by a very sensitive 
lever attached to a thin roller, which forms one of the constraints of the moving 
part. ‘The end of the lever carries a fine point which traces the record on a 
smoked glass plate ganged to the table carrying the object under examination. 

Either of these methods is quite satisfactory for obtaining a record highly 
magnified in the vertical direction of the line of intersection of a vertical plane 
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with the surface under examination. They are not completely non-destructive, 
in so far as it is impossible with most surfaces to avoid some damage, but for 
almost all purposes the surface is not impaired. An idea of the sensitivity 
obtainable with a good instrument is given by the fact that the micro-inch is 
the unit in which results are usually expressed. 

The chief difficulty is to know how to express the result so that it represents 
the quality that is sought. The root mean square and the average deviation 
from the mean level are the commonest ways of expressing the result, but neither 
of these, nor any other single parameter, can be regarded as a satisfactory 
description of the shape of a surface. The appearance to an experienced eye 
of the trace is probably a much better guide, and the wider use of such instru- 
ments in the hands of investigators who are in a position to correlate the surface 
profile with performance in service will undoubtedly lead to the accumulation 
of knowledge which will eventually be codified into specifications to which 
inexperienced inspectors can work. 

It is certain that the type of surface designed for various purposes will be 
found to have different characteristics which will not only have different numerical 
values associated with them, but will also involve different methods of reducing 
the trace to its numerical values. Consider for a moment the kinds of surface 
that are likely to be best for such diverse uses as a brake drum, a bearing surface, 
a surface that is to be painted, a reflecting surface, a cylinder wall of an I.C. engine 
and a gauge block. 

The optical methods are of three sorts, namely, those in which the specular 
and non-specular reflecting qualities are measured, the “ optical cut’? method 
and the interference-fringe method. ‘The first of these is used mainly to assess 
the decorative value of a bright metal surface; in its most highly developed form, 
that due to Guild, the integrated value of the diffuse reflection is measured and 
compared with the specular reflection. 

In the optical cut, or Schmalz, method the image of a straight edge 1s pro- 
jected on to the surface in a direction inclined usually at 45° to the normal. 
The surface is viewed at a similar angle on the other side of the normal. The 
boundary between the illuminated and dark parts of the surface, being the line 
of intersection of a plane with the surface, follows the undulations of the surface 
with a magnification of 4/2 in the vertical direction as compared with that in 
the horizontal. The magnification supplied by the microscope through which 
the surface is viewed can, of course, be considerable, and photography is straight- 
forward. From such a record, the numerical value can be assessed in the same 
way as from the other techniques. The lower limit to the degree of roughness 
that is susceptible to examination by this method is set by the working distance 
of the objectives used, bearing in mind the fact that the surface is at 45° to the 
axis of the optical system. Depth of focus is not a limiting factor, as the whole 
of the line of demarcation should be in focus at the same time. It is rather the 
severely practical difficulty of getting a high-powered objective close enough to a 
surface inclined at 45°. 

Another method, developed by Mr. Kayser for the inspection of engineering 
surfaces, particularly cylindrical ones, consists of the observation of inter- 
ference fringes formed between the object under examination and a flat plate 
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when monochromatic illumination is used. In a more primitive form, this 
technique was shown a few years ago at the Society’s annual exhibition. The 
fringes mark the contour lines at intervals of one-half wave-length of the light 
used and give an indication of the shape of the surface in three dimensions, as 
opposed to the two dimensions dealt with in the mechanical and optical cut 
methods. 


§4. CONCLUSION 


In conclusion I would like to say a few words on the relationship between 
testing methods and inspection procedures. The problem can be stated as 
follows: how should a method of test or a combination of methods be applied 
in order to ensure that a specified performance shall be maintained? This 
can be split up into several general cases, the first being that in which there 
is known to be perfect correlation between the quality concerned and a non- 
destructive test. Here the non-destructive test can be applied to every com- 
ponent, or it may only be possible to use it for testing a proportion. The latter 
state of affairs need not be regarded as disadvantageous if a proper sampling 
procedure is adopted and if correct use is made of the results. The principles 
that should be adopted for using such results have received considerable 
publicity recently under the name of ‘‘quality control”. The same remarks 
apply to the more usual case that arises when the correlation between the non- 
destructive test and the property concerned is less than 100%, but is still 
fairly high. 

Another state of affairs occurs when the correlation is still real but is lower, 
owing to the incidence of factors that are variable only over a long time or 
between one production unit.and another. The correlation would then be 
good as regards a restricted time period and one unit, but the constant would 
not be known. In this case the most favourable procedure is to use the non- 
destructive test on a reasonable proportion to permit the selection of a small 
sample that is thus known to be characteristic of the batch or to represent a 
fraction at the worst end. These samples are then subjected to a destructive 
test. 

The application of statistical methods to inspection has another effect 
which is also very desirable. It points the way to a much closer integration 
of inspection with production, with the result that production gets an early 
warning of incipient trouble, often in time to avoid the development of a tendency 
to the stage at which rejection becomes necessary. Rapid non-destructive 
tests able to detect departures from consistency of a process can, if correctly 
applied, be of great use from both the inspection and the production points 
of view. 

I would add that the general nature of most of my remarks is necessitated 
by the general applicability of the principles involved, non-destructive testing 
being equally desirable for the hair-spring of a watch, which should have a life 


approximating to infinity, and for certain products whose useful life may only 
be a small fraction of a second. 


The non-destructive testing of metallic components 143 


DISCUSS! ON 


Mr. G. L. Baitey. My first duty and pleasure are to offer the sincere thanks of the 
London Section of the Institute of Metals for your kindness in inviting us to this meeting. 
The good attendance of the Institute representatives is evidence of their appreciation of 
this invitation, and I am sure they have not been disappointed. 

The Institute of Metals, as you may well know, is very alive to the importance to 
metallurgy of developments in modern physics, and the Council of the Institute has just 
appointed a Committee to stimulate and encourage contacts between metallurgists and 
physicists. It is felt that the metallurgist will derive great benefit from a clearer knowledge 
of what the physicist is doing, and trying to do, and that, on the other hand, the physicist 
will also derive great benefit in his work on metals from a clear knowledge of the problems 
and difficulties with which the metallurgist is faced. I think your Committee was aware 
of this decision and that your invitation was issued for that reason. The evidence this 
provides of the willingness of the physicist to co-operate with the metallurgist is of the 
greatest importance, and I, personally, appreciate it very much indeed. 

Dr. Chalmers’ lecture dealt with so many interesting points that one cannot mention 
them all. I should like to say how particularly interested I am in methods of testing protec- 
tive coatings, particularly determinations of thickness and porosity. I should like to correct, 
however, a common misapprehension about the value of zinc coatings which something 
Dr. Chalmers said might encourage. Certainly zinc has great merit in that it is anodic 
to steel and protects the underlying metal at pores and discontinuities in the coating. 
This protection is effected by sacrificial corrosion of the zinc. This fact is undoubtedly 
very important in practice, but is not the whole story. Once a considerable area of the 
basis steel is exposed, failure of the article is almost certain because anodic corrosion of 
the zinc to protect that bare spot of steel inevitably leads to the removal of the zinc coating 
over a wider and wider area and the. ultimate corrosion of the steel. Sacrificial corrosion 
can therefore only give a temporary protection, and the long life of zinc-coated steel in 
many circumstances is due to the intrinsically good corrosion resistance of zinc. 


“ae 


Mr. H. A. DELL. I wish to add a few remarks in connection with the “ transformer ” 
method of testing magnetic materials that has already been mentioned. If this system 
is operated as a comparator in which a specimen to be tested is compared with a standard, 
both being placed in similar magnetizing coils fed with alternating current and both 
surrounded by similar secondary windings, then by connecting the secondaries in opposition 
and applying the difference signal produced to a valve amplifier the sensitivity of the 
whole apparatus may be made very high indeed. It is the custom to apply the signal 
so obtained and a comparable signal representing the magnetizing field to the two pairs 
of deflecting plates of a cathode-ray tube. A cyclic figure is thus drawn representing the 
difference between the hysteresis cycles (or rather the first derivatives of the hysteresis 
cycles) of the two specimens examined. If the conditions are suitably arranged—i.e. 
maximum magnetizing field, etc.—the shapes of the curves obtained are clearly indicative 
of the relative nature of the specimens, and changes in the curve are easily visible when, 
for example, differences of only a few degrees in heat treatment have been made. The 
usefulness of such a method in mass production is apparent when it is remembered that 
with small parts up to a thousand pieces an hour may be tested with certainty. 

An interesting development of this method is possible when the frequency of the 
energizing current is varied, for by this means, due to the magnetic “ skin effect’, the 
magnetization is constrained to lie more and more at the surfaces of the specimens as the 
frequency is increased, so that their magnetic states at different depths may be effectively 


compared. 


Dr. W. Berreripce. Referring to the question of the measurement of thickness of 
non-magnetic materials by electrical conductivity measurements, the eddy-current in- 
duction method is by far the most convenient, since no contacts are required, but it must 
be remembered that the magnitude of the induced current is controlled by the impedance, 
and not the resistance, of the current path, and I have found, in the case of relatively thick 
sections of low-resistivity material, that the inductance of the path can be of more importance 

han the resistance, The former is usually not related to the thickness of the material, 
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and the sensitivity of the measurements is, therefore, reduced. In such a case it is advan- 
tageous to use as low a frequency as possible in order to reduce the importance of the 
inductance term. 

The magnetic testing of steel components is a subject of much interest because of the 
ease with which two samples can be compared by making them the cores of two identical 
transformers, the primaries of which are connected in series and the secondaries con- 
nected in opposition, so that with identical specimens no e.m.f. results. Any lack of 
balance detected indicates a difference in the specimens, but, except in a few cases, the 
nature of the difference cannot be determined. 'There have been several papers in the 
last few years dealing with the change of magnetic properties of steels with differing heat 
treatment, but equally important is the sorting of mixed steels of various compositions, 
and information is required as to the way in which the magnetic properties of steels in a 
standard condition of heat treatment, for example normalized, depend on composition, 
so that reliable methods of identification can be developed. 


Mr. T. H. Turner. It is surprising how little we have really learnt regarding the 
non-destructive testing of large components such as are to be found in marine, railway 
and heavy electrical engineering. Despite the many pretty, and in their limited fields 
most effective, tests, such as magnetic, fluorescent, spectroscopic and x-ray, we are thrown 
back on many time-honoured practical tests for the all-essential maintenance inspections 
of many irregularly shaped large components. 

For example, whitewash is most effective on steam-engine side rods, locomotive 
wheels and tyres and other such components in which oil will have penetrated any cracks. 
If struck with a hammer or slightly bent after the whitewash has dried, the oil smear 
above a.crack is unmistakable. If the wheels or other components be ‘‘ boshed ” 
in caustic solutions and freed from paint and oil, the cracks are actually hidden, and may 
be shown up once more by oiling and whitewashing. 

The answer to the problem the author has set himself is complicated by the fact that 
what is permissible in large components may be quite impossible in smaller ones. Thus 
with large components, a trained engineer’s best non-destructive test instrument is his 
own experience-aided eye. He may aid it with lens, sulphur print or deep etching in 
some cases, and his penknife alone can tell him much about the hardness and brittleness 
of a surface. 

His knowledge of the specific gravities and colours of alloys and their corrosion products 
is also of the greatest help, as is his knowledge of the type of service stresses and their 
relation to observed surface phenomena. 

The discussion has rather run on the lines of crack detection, and there was much 
more in the author’s subject than that. Some examples may be quoted. It may be 
recalled that in the early days of the most successful German lighter-than-air trans- 
Atlantic ships, one limped home with, I think, four of its five Maybach engines hors de 
combat through crank-axle breakages. 

In the engineering research, lacquers were used to show the way in which the crank 
axles deformed below their yield point. Such lacquers cracked as the steel stretched, 
thus showing where the steel had stretched and, therefore, the location of dangerous 
stress concentration. ‘These lacquers are very sensitive to temperature variations, and 
the tests thus required constant-temperature and humidity laboratories. In a crude 
form, whitewash has been used for the same purpose on bridges. 

In workshops, sparking on a grindstone is often used as a quick non-destructive test 
to show the carbon or other alloy content of steels. X rays have proved disappointing 
as a means of showing up cracks in steel because the cracks do not run straight, but twist 
and fork according to crystal orientation and grain boundaries. ‘They seldom or never. 
correspond, therefore, to the straight-line passage of x rays. On the other hand, in less 
dense materials such as Elektron castings, x rays show up blow-holes and large cracks 
with the greatest of ease. : 

Two other practical tests may be worth mentioning. In large turbo-rotors, clinks 
may be present as lens-shaped transverse cavities invisible from the outside. A relatively 
small longitudinal hole bored through the centre would cut any such clink. To inspect 
the inside of such long holes, a microscope which gave one a magnified image of the bore- 
wall as. reflected from a mirror inserted down the bore, and sometimes many feet from the 
microscopic eyepiece, was developed, and one variety is named the “ boroscope ”, 
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This reminds me of guns, and that I was shown in one of the American arsenals, 
seventeen years ago, and I believe the French had experimented with the process still 
earlier, the auto-frettage of gun barrels. This replaces the non-destructive proof charge 
of explosives with a steadily applied but enormous hydraulic pressure of 50,000 tons/sq. 
inch, surprisingly enough conveyed to the gun in a pipe of only about 1 inch external 
diameter. This process is applicable to long narrow objects, but not to drum-shaped 
ones like turbo-rotor retaining rings, owing to the difficulty of retaining the pressure in 
the end closure. 

The ringing of metals with a hammer is used in’ almost all workshops and can tell 
ot to the skilled engineer. The famous railway wheel-tapper can thus detect a loose 
steel tyre. 


; Dr, R. F. Hansrockx. Dr. Chalmers referred to measurements of damping capacity 
in relation to non-destructive testing. The technique of measuring the damping capacity 
of cylindrical bars in torsional vibration at natural resonance frequencies and at very low 
stresses has been developed considerably by the late Dr. Frommer, and a paper describing 
his work will be published in due course. 

Briefly, when the torsional mode of vibration is employed, damping due to external 
factors can be reduced to an amount which is small compared with the internal damping 
of the material ; this intrinsic damping is then found to be sensitive both to the metal- 
lurgical condition and the presence of faults in the specimen. Sometimes it is possible 
to locate the faults by exciting overtones in the bar, since a discontinuity has the greatest 
influence on the value of the damping capacity when it occurs at a vibration node. 


Mr. J. Hitcucockx. I have not noticed any reference in Dr. Chalmers’ address to 
the widely used method of inspection involving etching of finished components. This, 
I believe, is a very useful non-destructive inspection tool which is inexpensive to operate. 
I notice also that Dr. Chalmers has mentioned the vexed question of ‘‘ cast-on’”’ test 
pieces ; I think it is now understood that this practice had been discontinued as giving 
no worth-while information, and where a test piece is required, the standard practice is 
to cast it separately. 


Mr. E. G. Stanrorp. Dr. Chalmers has given a general survey of many of the methods 
for the detection of cracks in metallic components, and in my opinion has conveyed the 
impression that these methods are quite straightforward and relatively easy to put into 
operation. : 

It is the duty of the industrial physicist to acquaint himself with the difficulties con- 
fronting the metallurgist and the engineer and to assist by suggesting suitable means 
whereby problems may best be solved. It is not out of place, therefore, at a meeting 
such as this, when physicists, metallurgists and engineers are gathered together, to draw 
attention to some of the difficulties which are associated with crack detection. 

The fluorescent method for the detection of surface cracks. "This method will undoubtedly 
become a useful “ tool”’ in the hands of the metallurgist and engineer, but it is not an 
easy matter to find suitable solutions of fluorescent material which will quickly penetrate 
small cracks in the wide variety of surfaces which come up for inspection. ‘The condition 
and nature of the surface has distinct bearing on the success of the method (de Forest, 
1943), and the time taken for solutions to penetrate sufficiently into very fine cracks is 
often of the order of hours, which is a handicap to inspection under production conditions.. 

The best type of inhibitor and the use of it are by no means established ; further, a 
certain amount of experience and skill is required to interpret the results observed when 
the surface is viewed under ultra-violet light. 

The detection of cracks in steel rails. ‘The methods mentioned by Dr. Chalmers, using 
a search-coil device, will undoubtedly detect large cracks of a type which are often so 
obvious that there is little need for the use of a crack detector at all. For small cracks 
the method is not very successful ; often the changes in properties of the material of the 
rail, along its length, have a greater effect on the detecting device than has the presence 
of a crack. 

Resistance tests. In this method contact resistance is a constant source of trouble ; 
of the two most powerful means of overcoming this, namely, (1) by using a potentiometric 
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method of measurement, (2) by inducing eddy currents into the material and using a 
detecting system for indicating variations, the latter method can more readily be adapted 
for rapid examination, particularly in the case of large components. 

In all resistance tests, the sensitivity, or ability of a method to detect small cracks, 
is limited by the heterogeneity of the material under inspection. 

Dr. Chalmers did not mention the use of eddy-current methods for the detection of 
surface cracks. This method involves the use of a hand-search unit, and is quite successful 
in machined surfaces. Possibilities of the extension of the method to the detection of 
internal cracks have been described by Gunn (1941). 

Supersonic methods. "These methods have been mentioned during the discussion, and I 
should like to emphasize their importance. A considerable amount of research work is 
being carried out on the use of supersonics, and results so far obtained are most encouraging. 
Using these methods, it is possible to detect very small discontinuities (e.g. a small hole 
of 25-thousandths of an inch diameter) situated in a material several inches below the 
surface. 

In conclusion, I should like to stress the fact that the problem of crack detection is a 
difficult one, and even when a promising laboratory method has been found, the problem 
of applying it on a production scale is often a more difficult one than the actual laboratory 
work itself. 
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‘Mr. F. C. Jonansen. I have delayed my remarks until] the end of the discussion in 
the hope of learning of some notable advance in radiology that would enable the mechanical, 
especially the fatigue, properties of full-scale engineering components to be predicted 
before assembly, or periodically assessed during their service life. The value of non- 
destructive methods of determining the actual state of components incorporated in finished 
structures is becoming increasingly recognized in view of the uncertainty of inferring 
the behaviour of full-scale components, often subject to unknown and unreproducible 
combinations of conditions, from tests on small laboratory specimens. Even full-scale 
tests, if carried to destruction, are of value only in so far as the behaviour of other 
machines which the engineer puts into service, and which are his real concern, can legitimately 
be inferred from them. Service failures suggest that effects, not only of size and shape, 
but also of metallurgical processes, forging, machining, welding, assembling and erecting, 
can be important, notably as regards the introduction of residual stresses, the existence 
of which is often unsuspected and always difficult to detect. Adequate examination of 
large components in complete machines or structures demands methods of test which are 
not only harmless, but which are rapid, readily portable, and capable of being successfully 
used by inspectors with less than highly specialized training. Physicists will do a great 
service to engineering if they can devise a technique to meet these requirements and, 
particularly, to indicate inherent original weaknesses or evidence of overstress in com- 
ponents in service, as distinct from (though not, of course, to the exclusion of) methods 
of detecting flaws or defects that already exist. Many of the non-destructive tests 
mentioned by Dr. Chalmers in his admirably comprehensive survey and in the subsequent 
discussion seem hardly applicable to the large, often inaccessible, components of a 
structure as big as a bridge, a ship or a locomotive. The possibilities of deflection measure- 
ments for indicating sources of mechanical weakness have received less attention than 
they deserve. In this connection reference may be made* to a differential deflection 
method, developed by the L.M.S. Railway Research Department, for detecting wheel-seat 
fatigue flaws in railway carriage axles, which is not only completely non-destructive but 
has the valuable practical advantage of avoiding the necessity for dismantling the com- 
ponent under examination. Incipient axle flaws showing a trace at the surface rarely 


* Engineering, 7 Aug. 1942, p. 101 ; Railway Gazette, 19 Feb. 1943, p. 190. 
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escape the quite astonishing vigilance of mechanical inspectors in the railway shops, but 
wheel-seat flaws associated with stress concentration at the press fit commonly occur 
just within the fit, where they are hidden from sight and can only very rarely be inferred 
from visible fretting-corrosion debris. The deflection equipment has proved successful 
to the extent that, during the few months that it has been in use, four relatively small 
fatigue flaws, each a potential accident, have been discovreed. 


AvuTHor’s reply. I should first like to express my thanks to all who have contributed 
to the discussion ; they have helped to fill in some of the details in what was necessarily 
a rather sketchy survey of the subject. 

In reply to particular points raised, I am grateful to Mr. Bailey for clarifying my 
remarks about sacrificial corrosion. I was, perhaps unconsciously, comparing zinc with 
tin, both of which are intrinsically good from the corrosion-resistance point of view. 
Mr. Dell’s remarks on the application of the cathode-ray oscillograph to the testing of 
magnetic materials are interesting and point to the most promising line for future develop- 
ment as regards speed as well as discrimination. The use of the magnetic skin effect 
for limiting the region examined to a surface layer of controllable thickness is also promising. 
Dr. Betteridge will probably be interested in Mr. Dell’s remarks on the magnetic testing 
of components ; the application of the oscillograph gives a good deal more information 
than a mere measurement of the out-of-balance current. I fully agree that a great deal 
more information is required on the effect of composition on magnetic properties. The 
eddy-current method of measuring the thickness of non-magnetic metals has the advantage 
of not requiring contacts, and it has, in fact, been used continuously on strip or foil as a 
check on the rolling process. ‘Temperature and composition are the two main variables 
which must be corrected for or standardized. 

I agree with Mr. Turner that the experienced eye, aided by simple tests, can be relied 
upon in many cases to give a sufficiently accurate answer ; but I think that there can 
be no doubt that more discriminating tests are needed, especially in the types of structure 
in which the factor of safety is reduced to a very small value. Further, present conditions 
make it necessary for much inspection to be carried out by inexperienced operators ; 
objective tests are desirable in such cases. ‘The “‘ boroscope”’ is an interesting applica- 
tion of a simple principle, but does not represent a marked departure from the usual 
practice of optical assistance to the eye. 

I am surprised that Mr. Turner should quote such a fantastic figure as 50,000 tons/sq. in. 
for the auto-frettage of guns. A simple calculation would show that such a pressure, 
which is far in excess of anything used by Professor Bridgman in his well known work 
on high pressures, would require an enormous structure to withstand it. A gun would 
undoubtedly burst before one-thousandth of this pressure had been reached. The 
purpose of auto-frettage is to improve the mechanized properties of the barrel, and not 
primarily as a non-destructive test ; it is carried out at a pressure in the region of 25 tons 
per square inch. _ 

I shall be extremely interested to see the paper, referred to by Dr. Hanstock, describing 
Frommer’s work on the measurement of damping capacity by torsional vibrations at 
resonance frequency. Mr. Hitchcock mentions the examination of finished components 
after etching. This, of course, was an omission, and I am grateful to him for pointing 
it out. ‘ 

It was certainly not my intention to give the impression, as apparently I did to 
Mr. Stanford, that all the methods of testing that I referred to are easy to use ; but where 
the need is sufficient, methods can always be found for applying any useful test, however 
complicated. Mr. Stanford seems to have been unfortunate in some of the cases in which 
he has tried to apply methods that have proved successful in other applications ; I would 
agree, of course, that none of these methods is of universal use, and that the most useful 
must, in any instance, be selected and tested. I cannot agree that contact resistance is 
necessarily a source of trouble in resistance measurements, even when no potentiometer 
is used. The use of eddy currents for detecting surface cracks is, of course, well known. 
Ultrasonic methods seem to have attracted considerable attention recently, and I think 
that one may justifiably look forward to useful developments in this field. 

I agree with Mr. Johansen that a very large and important problem exists in the 
examination of large components before and during service. I am afraid that I cannot 
add anything on this topic to what I have already said. I am very interested in 
Mr. Johansen’s example of the deflection test as applied to wheel-seat fatigue failure. 


REVIEW 


Tables of Functions with Formulae and Curves, by F. JAHNKE and E. EmpE. 
Pp. 303+76+xvi. (New York: Dover Publications, 1943.) $3.50. 


Most physicists probably know the tables of Jahnke and Emde, in which many of us. 
look for those out-of-the-way functions of which we know no other source, like 


io.0) 
{ eye —z—xe-* dz (a function of x and y). 
ES io of 


The collection first appeared in 1909, was much enlarged in 1933, and then re-cast 
in 1938. On this occasion, the first part, containing tables and formulae relative to the - 
elementary functions, was omitted, and the remainder somewhat further amplified ; 
there was a promise of another volume which would contain the material from the earlier 
editions on the elementary functions, together with much more of the same nature. This 
volume has never become available. 

The edition now before us is issued by Dover Publications, of New York, under licence » 
of the American Custodian of Alien Property, and contains, in addition to a photographic 
reproduction of the 1938 edition, an addendum of 76 pages giving the material from the 
1933 edition which was omitted in the later one. The opportunity of improving on the 
original by including a list of errata has been missed. 

The sole British agents are Scientific Computing Service, Ltd., of 23 Bedford Square, 
London W.C. 1, and the English price is 25s. Je dlaeAe 


RECENT REPORTS AND, CATALOGU. 


Bulletin and Laboratory Notes. (Series 11, no. 12, September 1943.) Pp. 24. Bartrp 
AND 'T’aTLock (Lonpon), Lrp.,.Halidon, Claremont Lane, Esher, Surrey. 6d. 
Copper Alloy Resistance Materials. (C.D.A. Publication no. 38.) Pp. 44. THE 

Copper DEVELOPMENT ASSOCIATION, 9 Bilton Road, Rugby, Warwickshire. 

A list of German publications being reproduced by the Photo-Offset Process under 
Authorization of the Alien Property Custodian in Washington. Pp.4. H. K. Lewis 
AND Co., Lrp., 136 Gower Street, London W.C. 1. 

Co-ax Articulated Air-spaced Cables for High Frequencies. Pp. 4. 'TRaNsRabIO, L1p., 
16 The Highway, Beaconsfield, Bucks. 


ERRATUM 


Volume 56, Part 1, reverse of frontispiece 


It is regretted that by an error reference was made to ‘‘ the late Mr. George Watts ’’. 
Mr. Watts is, in fact, still alive, and taking an active part in the business of E. A. Watts 
and Son, Ltd., of which he is Chairman, and at whose factory he is daily to be found. 


THE PROCEEDINGS OF THE PHYSICAL SOCIETY 


A new high-conductivity alloy combining physical 
characteristics of amazing strength, hardness, 
elasticity, and resistance to fatigue, Cu Be 250 
is acknowledged as the outstanding metallurgical 
achievement of recent years. Available as strip, 
rod and wire, it is unsurpassed for springs, 
diaphragms, contacts, switch parts, cams, roller 
bearings, etc. Leaflet and full details on request. 


Manufactured by 


THE TELEGRAPH CONSTRUCTION & MAINTENANCE CO. LTD. 
Head Office : 22, Old Broad Street, London, E.C.2. Telephone : LONdon Wall 3141 
Sole Distributors : RELIABLE ENGLISH AGENCIES LTD., 39, VICTORIA ST., LONDON, S.W.!. Tel, : ABBey 6259 


JOURNAL OF APPLIED PHYSICS 


Ex_mer HuTCHIssON, Editor (172 Fulton Street, NEW YORK, New York) 


Paes monthly by the American Institute of Physics, this journal is designed particularly 
for those applying physics in industry and in other sciences. 
Its TABLE OF CONTENTS includes : 


General Articles : Review articles on recent progress in applied physics. 


Contributed Articles : Reports on original research. 
Résumés of Recent Research : Brief summaries of interesting advances in applied physics. 


New Books : Reviews of newly-published physics books. 
Subscription price for the U.S. and Canada, $7.00 a year: Elsewhere, $7.70 a year. 


Tue American INSTITUTE OF Puysics, INCORPORATED 
175 Fifth Avenue, NEW YORK, New York, U.S.A. 


Publishers also of the following physics journals: YEARLY SUBSCRIPTION PRICE 
U.S. AND CANADA ELSEWHERE 
THE PHYSICAL REVIEW $15.00 @ $16.50 
REVIEWS OF MODERN PHYSICS 4.00 4.40 
THE REVIEW OF SCIENTIFIC INSTRUMENTS 5.00 5.50 
THE JOURNAL OF CHEMICAL PHYSICS 10.00 11.00 
JOURNAL OF THE OPTICAL SOCIETY OF AMERICA 7.00 7.70 
THE JOURNAL OF THE ACOUSTICAL SOCIETY OF AMERICA 6.00 6.60 
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TRANSFORMERS 


FOR ALL PURPOSES 


Some examples from a range of 
G.E.C. transformers now available 


XT 5610/11 
Combined Switch Fuses and Transformers. Outputs 50 and [50 Watts 


XT 5370/90 
Oil-cooled Transformers. Outputs -25 kVA to7:5 kVA 


XT 5410/24 
Air-cooled Transformers. : 
Outputs -25 to 2:5 kVA 7 


XT 5368 
Wax-filled Transformers for Outdoor Use. Output 100 Watts 


Full information can be obtained 
from all G.E.C. Branches 


Advi. of The Generat Electric Co., Ltd. Head Office: Magnet House, Kingsway, London, W.C.2 


